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See page 1475. 
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Observing Earth's 
Magnetotail 


Magnetic reconnection is a process that converts 
magnetic energy to kinetic energy, thermal 
energy, and particle acceleration. The process 
Operates in Earth’s magnetotail, the narrow and 
elongated region of the magnetosphere that 
extends away from the Sun, and is believed to 
power Earth’s auroras and other space physics 
phenomena. Angelopoulos et al. (p. 1478) pre- 
sent an observational study of energy conversion 
in the magnetotail and the associated transport 
of magnetic flux during a geomagnetic substorm. 


Shape Memory Ceramics 


Shape memory materials convert heat into strain 
and vice versa. These materials are often made 
from metal alloys, which can generate large 
stresses with small shape changes. Ceramics have 
certain characteristics that underlie shape memory 
transformation, but generally crack under strain. 
Lai et al. (p. 1505; see the Perspective by Faber) 
introduce a modified ceramic structure with lim- 
ited crystal grains that can withstand comparable 
cyclic strains to shape memory metals. 


Diurnal Immunology 


Like most organ systems in the body, several 
components of the immune system appear to 
be regulated in a diurnal manner. However, 

the cell populations affected, the underlying 
molecular mechanisms controlling these pro- 
cesses, and the functional consequences of such 
regulation are poorly understood. Now, Nguyen 
et al. (p. 1483, published online 22 August; 
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The Overeating 
Connection 


ma Obesity has become a ma- 

' jor global health problem. 
Working in mice, Jennings 
et al. (p. 1517) identified 
an important brain circuit 
within the lateral hypothal- 
amus that modulates food 
intake. The findings reveal 
the neuronal connections 
that drive the consumption 
of highly palatable food 
even when energy needs 
are satisfied. Inhibition 
of this circuit suppressed 
feeding. 


see the Perspective by Druzd and Scheiermann) 
have found that trafficking of monocytes to sites 
of inflammation is regulated in a diurnal manner 
in mice. Mice harboring a myeloid cell-specific 
deletion in the clock protein, BMAL1, showed 
reduced fitness in response to both acute and 


chronic inflammation. 


Half-Massless 


Certain materials, such as 
topological crystalline 
insulators (TCls), host 
robust surface states that 
have a Dirac (graphene- 
like) dispersion associated with 
massless carriers; the breaking 
of protective symmetry within such 
materials should cause the carriers to 

acquire mass. Okada et al. (p. 1496, published 
online 29 August) used scanning tunneling 
microscopy to map out the energies of the elec- 
tronic levels of the TCI Pb,.,Sn,Se as a function of 
the strength of an external magnetic field. The 
massless Dirac fermions coexisted with massive 
ones, presumably as a consequence of a distor- 
tion of the crystalline structure affecting only 
one of the two mirror symmetries. 


Making the Grain 


Most metals contain a large number of ordered 
crystalline regions that are separated by 
disordered grain boundaries. If the material is 
annealed at elevated temperatures, the larger 
grains will grow uniformly at the expense of 
the smaller ones. This process slows down 

over time, making it hard to create very large 


VOL 341 
Published by AAAS 


EDITED BY STELLA HURTLEY 


grains. Abnormal grain growth, in which a few 
of the crystalline regions grow much faster and 
larger than the others, can occur if the material 
is put through a complex annealing process 
involving straining of the samples. Omori et 
al. (p. 1500; see the Perspective by Taleff and 
Pedrazas) find that a much simpler and shorter 
annealing process can trigger abnormal grain 
growth in copper-based shape-memory alloys. 
Thermal cycling between a high-temperature 
single-phase region and a lower-temperature 
two-phase region generated dislocations at low 
temperatures and grain growth on heating. 
Because this method does not require external 
straining of the sample, it is not limited to thin 
sheets or wires. 


Futile Forest Fragments 


Most of the planet's terrestrial biodiversity 
is found in tropical forests, but much of this 
critical habitat now persists as fragmented 
patches surrounded by agriculture. Smaller 
forest patches sustain fewer species than larger 
patches or contiguous forest. However, the num- 
bers of species that will disappear from a forest 
fragment—and the rate of species loss—remain 
poorly understood. Gibson et al. (p. 1508) 
surveyed islands in a reservoir in Thailand to 
measure the rate of loss of small mammals from 
small forest fragments. Collapse of the entire 
native community (up to 12 species) from 
16 forest fragments was observed after 
25 years of isolation. Thus, small 
forest fragments hold little value for 
mammalian biodiversity, and conserva- 
tion efforts should instead focus on the 
preservation of large forest expanses. 


Sourcing Antibiotic 
Resistance 


It is widely assumed that antibiotic resistance 

in farm animals contributes in a major way to 
antibiotic resistance in humans. Mather et al. 
(p. 1514, published online 12 September; see 
the Perspective by Woolhouse and Ward) 
analyzed hundreds of genome sequences from 
Salmonella isolates collected from both livestock 
and patients in Scotland between 1990 and 
2004. The relative contributions of animal- 
derived and human-derived sources of infection 
were quantified and the phylogenetic diversity 
of resistance profiles was matched with bacterial 
phylogenies. The results suggest that most hu- 
man infections are caught from other humans 
rather than from livestock and that humans har- 
bor a greater diversity of antibiotic resistance. 


27 SEPTEMBER 2013 


Downloaded from www.sciencemag.org on September 26, 2013 


1429 


CREDIT: DEJOSEZ ET AL. 


Additional summaries 


Finally Out 


Last summer, it was not clear if the Voyager 
1 spacecraft had finally crossed the heliopause— 
the boundary between the heliosphere and 
interstellar space. Gurnett et al. (p. 1489, pub- 
lished online 12 September) present results from 
the Plasma Wave instrument on Voyager 1 that 
provide evidence that the spacecraft was in the 
interstellar plasma during two periods, October to 
November 2012 and April to May 2013, and very 
likely in the interstellar plasma continu- 
ously since the series of boundary crossings 
that occurred in July to August 2012. 


Assessing Brown Dwarfs 


The last 2 years have seen the detection 

of dozens of very cold brown dwarfs. At 
temperatures around 300 to 500 kelvin, 
brown dwarfs are expected to have 

masses comparable to those of gas-giant 
planets, but because their distances are 
unknown, it has not been possible to 
estimate their masses. Dupuy and Kraus 
(p. 1492, published online 5 Septem- 

ber) used data from the Spitzer Space 
Telescope to measure accurate distances to 
very cold brown dwarfs, which allowed them to 
determine the dwarfs’ luminosities, tempera- 
tures, and masses. The results strengthen the 
connection between the coolest brown dwarfs 
and gas-giant exoplanets. 
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Keeping Cells Cooperating 


Multicellular organisms have certain advantages 
over those that are single-celled. To evolve, how- 
ever, they must surmount a persistent challenge: 
ensuring that their constituent cells cooperate 
with one another rather than “cheat” or compete 
with each other for resources. Dejosez et al. 

(p. 1511, published online 12 September) 
performed a genome-wide screen in induced 
pluripotent stem cells to search for genes that 
promote cell coop- 
eration. A number 
of genes were 
identified of which 
knockdown allowed 
competitive behav- 
ior to dominate. 
These genes formed 
a network centered 
on p53, topoisomer- 
ase 1, and olfactory 
receptors. Thus, a 
genetic mecha- 
nism may promote 
cooperation in the 
developing embryo. 
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Drugs, Dopamine, 

and Disinhibition 

Drugs often change the neuronal circuitry in the 
brain and thereby cause a long-lasting change 
in behavior. Using a wide range of in vivo and 

in vitro techniques in mice, Bocklisch et al. (p. 
1521) observed that cocaine profoundly altered 
dopamine neuron function and that drug-evoked 


synaptic plasticity in a specific set of neurons 
represents a crucial step in circuit remodeling. 


Toward Titanium Carbide 
Batteries 


Many batteries and capacitors make use of 
lithium intercalation as a means of storing and 
transporting charge. Lithium is commonly used 
because it offers the best energy density, but 
also because there are difficulties in storing 
larger cations without disrupting the crystal 
structure of the host. Lukatskaya et al. (p. 
1502) developed a series of MX compounds, 
where M represents a transition metal and X is 
carbon or nitrogen. The compound Ti3C2 forms 
a two dimensional layered structure, which is 
capable of accommodating a wide range of 
cations, including multivalent ones, either spon- 
taneously or electrochemically. 
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Mercury and Health 


THIS OCTOBER, NATIONS WILL GATHER IN JAPAN TO SIGN THE MINAMATA CONVENTION, A TREATY TO 
address the toxic effects of mercury in the environment. The agreement will become binding 
once ratified by at least 50 nations. The convention is timely and welcome in that it places 
controls and limitations on products, processes, and industries that increase the level of 
exposure of people and the environment to mercury, a naturally occurring element. Mercury 
bioaccumulates in the form of methylmercury, a powerful neurotoxin that can affect wild- 
life, domestic animals, and humans alike. Symptoms of mercury poisoning can range from 
numbness in the hands and feet and muscle weakness in mild cases, to insanity and death. 

This convention is named after the Japanese city where the release of methlymercury 
in the wastewater from a chemical factory from 1932 to 1968 polluted the local seafood, 
which then caused severe mercury poisoning in thousands of local residents dependent on 
that resource. Minamata was a case where science provided the evidence connecting the 
cause (effluent discharge) with the effect (neurologically diseased patients). Seafloor sedi- 
ment samples recovered from the bay offshore of Minamata showed 
that the concentration of methylmercury contamination was highest 
near the industrial outflow to the ocean and decreased from there. 
Samples of local seafood and shellfish were laden with mercury. Hair 
samples from the afflicted population showed highly toxic amounts 
of the element. Local cats, consumers of the scrap seafood from their 
owners’ tables, were the first to die. Ultimately, the industrial dis- 
charge ceased, and the responsible party was ordered to compensate 
the victims. 

Critics of the Minamata Convention believe that it does not go far 
enough. For example, in 2010 the top two sources of mercury pol- 
lution were artisanal gold mining (727 tons) and coal-fired power 
plants (475 tons).* As many as 15 million adults and children live 
in communities at risk from mercury pollution from artisanal gold 
mining, primarily in Africa and South America. Mercury from coal- 
fired power plants can be transported through the atmosphere far from the source, deposited 
in aquatic systems, and then converted to methylmercury. The population at risk may have 
had no voice in the decision to install the coal-fired facility. The treaty stops short of specify- 
ing goals or target dates for action plans for reducing mercury release from mining, nor does 
it require refitting of existing coal-fired power plants to reduce mercury emissions. 

One roadblock standing in the way of stronger controls on mercury in the environment, 
better national action plans, and perhaps even swifter ratification of the Minamata Conven- 
tion is that many environmental and health aspects of mercury are poorly known,+ except 
in the most acute cases of mercury poisoning. Science can help by linking research on mer- 
cury’s behavior in the environment (see the Perspective by Krabbenhoft and Sunderland on 
p. 1457) with studies of its public health impacts. Research teams need to include environ- 
mental toxicologists who understand the biochemistry of toxic contaminants, ecologists who 
trace their bioaccumulation through the food chain, physicians who understand the effects 
of chronic and acute exposure on long-lived species such as us, and public health specialists 
who can extract patterns from large populations. What geographic areas are most at risk? 
Which population demographics are particularly vulnerable? What symptoms should we 
look for? What other factors might confound their identification? Even at sublethal levels, 
does exposure to mercury have impacts on the development of young children? Is there a 
level of mercury consumption that is perfectly safe? 

Such investigations cross the boundaries of government agencies and of university 
schools and departments. Funding the many investigators could be a challenge. But with 
the number of coal-fired power plants projected to rise globally, tracing the connections 
between mercury pollution and health must be a priority. 

— Marcia McNutt 


*www.unep.org/PDF/PressReleases/GlobalMercuryAssessment2013.pdf. +For examples of some scientific frontiers, see 
www.mercury2013.com. +www.wri.org/publication/global-coal-risk-assessment. 
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Fueling Reproduction 


New studies in yeast may improve our under- 
standing of human metabolic disorders. Clement 
et al. characterized regulation of the heterotri- 
meric guanine nucleotide—binding protein 
(G protein) alpha subunit Gpa1 in yeast. Gpal 
is part of the G protein that facilitates signaling 
by the receptor for mating pheromone. Clement 
et al. report that Gpa1 provides a molecular 
link to signaling pathways that monitor nutrient 
availability. The same enzymes that regulated 
phosphorylation of the yeast homolog of AMPK 
(adenosine monophosphate—activated protein 
kinase, an enzyme critical to energy sensing in 
mammals) also regulated phosphorylation of 
Gpal when cells were deprived of glucose. Such 
phosphorylation-modulated activity of Gpal1 thus 
couples mating efficiency to nutrient availability. 
These signaling pathways are highly conserved, 
and thus these results suggest possible crosstalk 
between nutrient and energy-sensing pathways 
and G protein-coupled receptor—regulated 
processes in higher organisms as well. Schmidt 
provides context in a Perspective. — LBR 

Sci. Signal. 6, 10.1126/scisignal.2004143; 10.1126/ 

scisignal.2004589 (2013). 


Banding Together 


Speleothems (stalagmites, stalagtites, and related 
secondary mineral deposits formed in caves) are 
commonly dated by counting the growth bands 
they contain and assuming that those bands 

are annual markers. How good is this assump- 
tion? Shen et al. present results of a study of a 
300-year-old laminated stalagmite from Xianren 
Cave, China, using high-precision radiometric 


23°Th dating with a 20 precision of half a year. 
They find that the layers of the speleothem do 
not always deposit annually, as is commonly 
assumed, and that band counting can under- or 
overcount elapsed time by several years or more 
per decade in some cases. Thus, caution needs to 
be applied when using band counting as a dating 
tool for speleothems, particularly because even 
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ANIMAL BEHAVIOR 


The activity of honey bee (Apis mellifera) colonies is centered around a single reproductive fe- 
male, the queen. Sterile worker females populate the majority of the hive, with the remainder 
composed of a small number of males. Worker tasks vary and include foraging, care for the 
queen and young, and hive construction and defense, with tasks largely corresponding to age 
(younger bees care for young, whereas older ones forage and defend the hive). In a hive that 
has lost its queen, some workers start to lay eggs, but their offspring will all be male. Kin se- 
lection theory suggests that worker altruism in queenless colonies will be reduced because the 
workers are less related to the sibling's progeny than that of the queen. Naeger et al. examine 
altruism and social organization in a queenless hive. They find that egg-laying workers were 
as likely to forage or participate in hive defense as non—egg layers, who have less developed 
ovaries. Further, reproductive workers were metabolically invested in brood food and wax pro- 
duction. This results in a hive with decreased task specialization, so that bees that forage also 
care for the brood and maintain the structure of the hive; a case more similar to what is seen 
in solitary social bees. This work supports kin selection models in that reproductive conflict 
is increased in queenless colonies but altruism is still present. Queenless workers participate 
in their own reproduction but also display altruistic behaviors that benefit the colony. — BAP 


small errors in dating can affect the interpreta- 
tion of some rapid climate change events; high- 
precision absolute-dated radiometric chronologies 
should be used when possible. — H]JS 

Sci. Rep. 3, 2633 (2013). 


Tricky Anomaly 


A quantum point contact is a narrow conduct- 

ing channel that can be shaped by applying 
variable voltage to electrodes placed above a 
two-dimensional electron gas in semiconductor 
nanostructures. As a function of the voltage, the 
conductance of the contact exhibits equally spaced 
plateaus corresponding to sequential openings 

of transport channels; however, an additional 
feature that appears at the conductance value 
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Curr. Biol. 23, 1574 (2013). 


of roughly 0.7 of the step still lacks a detailed 
theoretical explanation. Bauer et al. argue that it is 
a consequence of the structure of the local density 
of states. They developed a one-dimensional 
tight-binding model—in which a singularity in the 
density of states resulted in enhanced electronic 
interactions—that was able to account for data 
taken in varying experimental conditions. Iqbal et 
al. ascribe the feature to localized spins and the 
Kondo effect. They performed their experiments 
on quantum point contacts of varying length and 
found that the conductance of the anomaly varied 
periodically with the length; in their model, the 
number of localized states increased with the 
length, explaining the periodicity. Both models of- 
fer considerable and complementary insights into 
the problem. — JS 

Nature 501, 73; 79 (2013). 
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Berlin 1 
A Win for German Science? 


German Chancellor Angela Merkel, who 
started her career as a quantum chemist, and 
her party, the center-right Christian Demo- 
crats (CDU), were the big winners in Sun- 
day’s elections, with 41.5% of the vote—far 
ahead of their main rivals, the Social Demo- 
crats (SPD), who received 25.7%. 

The victory presents Merkel with a 
quandary, however, because her favored 
coalition partner, the Free Democrats, 
failed to reach the 5% cutoff for repre- 
sentation in the German parliament. That 


Winning smile. German Chancellor Angela Merkel 
was reelected Sunday. 


means she has to form a coalition with one 
of two center-left parties, the SPD or the 
eco-oriented Greens. The negotiations are 
expected to take weeks. 

Germany’s “Energiewende,” an effort to 
transition away from nuclear and fossil fuels 
toward renewables, is likely to continue no 
matter what coalition forms. All the parties 
have ambitious carbon dioxide reduction 
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goals in their platforms. Both CDU and SPD 
see efficient coal and gas as an acceptable 
bridge technology. The Green Party wants to 
block any new coal-fired plants. 

Many research leaders hope the new 
government will pass a constitutional 
amendment allowing the federal govern- 
ment to finance universities directly. 
http://scim.ag/Merkelwin 


Bethesda, Maryland 2 
NIH's Alzheimer's Gamble 


The National Institutes of Health (NIH) 
announced last week that it will give 

$33 million to yet another clinical trial of 

a drug that targets amyloid plaques—the 
hallmark protein tangles that clog brain cells 
in people with Alzheimer’s disease. 

So far, such drugs have failed in clini- 
cal trials, but some scientists believe this 
is because they were administered too late, 
after brain damage is irreversible. Lead 
researchers Eric Reiman and Pierre Tariot of 
the Banner Alzheimer’s Institute in Phoe- 
nix plan to give a yet-to-be-identified anti- 
amyloid drug to 650 participants in their 60s 
and 70s who carry two copies of the APOE4 
gene—a genetic double whammy that con- 
fers a 10-fold increased risk of develop- 
ing Alzheimer’s late in life. Roughly a third 
will likely not have much amyloid in their 
brains yet, allowing the researchers to track 
whether the drug affects its accumulation, 
Reiman says. 

Given that no anti-amyloid drugs have 
yet shown clinical efficacy, the agency is 
“taking a gamble” by using the lion’s share 
of its Alzheimer’s research budget for the 
study, says Gary Landreth, a neurologist 
who studies the disease at Case Western 
Reserve University in Cleveland, Ohio. 
http://scim.ag/NIHAlzheimers 
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Shakeup. The Russian Academy of Sciences will 
be merged with two other academies. 


Moscow 3 
RAS Merger Goes Forward 


In June, when Russian legislators agreed to 
delay finalizing a bill that would strip the 
Russian Academy of Sciences (RAS) of 
control of its budget and real estate hold- 
ings and merge it with two other academies, 
scientists saw a chance to press their case 
for keeping the august body intact (Science, 
12 July, p. 114). But more than 2 months of 
lobbying and protests were in vain: Russia’s 
lower house of parliament has approved a 
measure that will radically transform the 
289-year-old academy. 

Under the bill, expected to be approved 
by parliament’s upper house and then 
signed into law by President Vladimir Putin 
this week, a new Agency for RAS Scien- 
tific Institutions, directed by the academy’s 
president, Vladimir Fortov, will manage the 
budget and assets of the merged academies. 
Researchers worry that Fortov will be only a 
figurehead and that officials inimical to RAS 
will pull the strings. “It’s like being a mem- 
ber of an orchestra whose conductor is not a 
musician but a bureaucrat,” fumes Vladimir 
Zakharov, a physicist at RAS’s P. N. Lebedev 
Physical Institute in Moscow. 


NEWSMAKERS 


Smithsonian Secretary 
To Step Down 


G. Wayne Clough, 72, announced last week 
that he will step down as head of the U.S. 
Smithsonian Institu- 
tion in October 2014. 
Clough, who started 
as secretary in July 
2008, says his focus 
from the start was on 
“restoring the vitality 
and forward-looking 
ethic” of the orga- 
nization; concerned 
about the Smithsonian’s reputation as “the 
nation’s attic,” which suggested that most of 
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its 137 million specimens and objects were 
hidden away gathering dust, he conducted 
vigorous outreach to the U.S. Congress, 
potential donors, and the public, and used 
the Internet to expand access to collec- 
tions and interactive programs. Clough also 
laid the groundwork for the Smithsonian’s 
first national capital campaign, which has 
already netted $893 million in private con- 
tributions since 2008. 

Clough came to the Smithsonian promis- 
ing to stay 5 years, but didn’t want to com- 
mit to another five. “You can’t do [this job] 
at 80 or 90%, you have to do it at 110%.” 

He insists that he’s not retiring, but plans to 
spend more time with family and on book 
projects. The Board of Regents that oversees 
the Smithsonian says it will be launching an 
international search for Clough’s successor. 
http://scim.ag/Cloughend 
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Naps Nurture Young Brains 


With many preschools boasting an expan- 
sive curriculum, naps sometimes fall by the 
wayside. Psychologist Rebecca Spencer of 
= the University of Massachusetts, Amherst, 
2 decided to find out if that was a problem for 
the 3- to 5-year-old set. 

She and her colleagues taught young 
children a memory game that involved find- 
ing matching picture cards. On one day, 
kids napped after learning the game; on 
another, they were kept awake. They played 
the game after napping (or not) and again 
the next morning. 

The “habitual” nappers—those accus- 
> tomed to taking naps—remembered about 
6 15% fewer cards if deprived of a nap, 

3 the team reported online this week in the 

% Proceedings of the National Academy of 

3 Sciences. And the sleep-deprived nappers 
z never caught up: When playing the game 

2 the next day, they still performed more 

% poorly than when they napped. “They need 
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NOTED 


>NASA’s Deep Impact mission was offi- 
cially declared dead last week, after 
more than 8 years in space, 7.6 billion 
kilometers traveled, and a close-up view 
of two comets—slamming an impactor 
into one and flying by a second during 
the probe's long, successful life. Its last 
signal was received on 8 August; NASA 
declared the mission over last week. 


CREDITS (TOP TO BOTTOM): IMAGE COURTESY OF REBECC, 
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Making memories. Naps help kids (such as the study 
author's daughter) remember what they learned. 


that sleep close to learning” for it to take 
root, Spencer says. 

Spencer and her students also stud- 
ied the brain activity of 14 children in 
their sleep laboratory. They found “sleep 
spindles,” short bursts of activity associ- 
ated with memory processing. “If they need 
the nap,” Spencer says, “they should get the 
nap.” http://scim.ag/napbrains 


Fascinatin’ Rhythms 


Circadian clocks keep animals in step with 
Earth’s daily solar cycle. But many animals 
also stay in sync with other oscillations, 
such as tides and the phases of the moon. 
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THEY SAID IT 


“Cynically, this feels like a 
ploy to boost Google's mys- 
tique. Optimistically, it feels 
like another one of Google's 
fickle interests.” 


—Caleb Garling of the San Francisco 
Chronicle, commenting last week on 
Google’s creation of Calico, a biotech 
firm with vague plans to address aging 
and its associated diseases. 


Two papers published this week in Current 
Biology and Cell Reports show that these 
alternate rhythms are driven by molecular 
clocks that are independent of the one driv- 
ing circadian activities. 

Researchers in the United Kingdom 
studied both circadian and tidal cycles in 
the speckled sea louse, the marine crusta- 
cean Eurydice pulchra. The louse changes 
the color pattern on its shell on a daily 
cycle, but is also more active at high tide, 
while swimming less at low tide. The 
researchers showed that by changing the 


Lucy Gets a New Look 


The 3.2-million-year-old hominin Lucy 
has had a makeover, thanks to newly dis- 
covered fossils. The reconstruction dis- 
plays a trimmer figure with a distinct neck, 
a narrower waistline, and arched foot. Ear- 
lier reconstructions, relying on scanty fos- 
sil rib bones and living African apes such 
as chimpanzees and gorillas, gave her a 
cone-shaped thorax and potbelly, implying 
that her species, Australopithecus afarensis, 
had retained adaptations for moving in the 
trees like chimps. But in the past few years, 
researchers have found curved A. afarensis 
ribs, which translates to a barrel-shaped tho- 
rax like modern humans, and an arched foot 
bone, which suggests that Lucy and her kin 
spent plenty of time on the ground, although 
they probably still climbed and slept in 

trees. The reconstruction, overseen by paleo- 
anthropologist Yohannes Haile-Selassie 
of the Cleveland Museum of Natural His- 
tory and created by artist John Gurche, 
was unveiled on 20 September at Ohio's 

Cleveland Museum of Natural History. 
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BY THE NUMBERS 

33°% o Reduction in the annual 
number of new HIV infections world- 
wide from 2001 to 2012, according 
to a UNAIDS update released on 

23 September. 


$1.4 trillion Economic rewards 
of the estimated 2.3 billion tons of 
world crops that could be grown with 
better land management, according 
to a U.N.-backed report published on 
24 September by the Economics of 
Land Degradation Initiative. 


$500 million Amount Oregon 
Health & Science University offi- 

cials have pledged to raise for cancer 
research in the next 2 years, to receive 
a matching donation from philanthro- 
pists Phil and Penny Knight. 


>>FINDINGS 

animals’ exposure to light or vibration (to 
simulate tides), they could manipulate the 
two cycles independently of each other, 
settling an old debate about whether the 


Different beat. The marine worm Platynereis dumeri- 
lii matures in sync with the phases of the moon. 


tidal clock was simply a subset of the 
circadian one. 

Austrian researchers studying the marine 
bristle worm Platynereis dumerilii found 
similar evidence that the lunar-driven clock 
that controls the animals’ maturation—they 
respond to changes in moonlight—is sepa- 
rate from the circadian one. It’s likely, the 
researchers say, that many animals carry 
multiple clocks. http://scim.ag/tidalclock 


Multiple Lineages for MERS 


A new genetic analysis of Middle East 
respiratory syndrome (MERS) reveals that 
several varieties of the deadly virus are 
circulating in Saudi Arabia, leading some 
scientists to believe it reached humans from 


multiple sources. The origin of the virus, 
which has killed 58 people since 2012, is 
still unclear. 

Virologist Paul Kellam of the Wellcome 
Trust Sanger Institute in Hinxton, U.K., and 
colleagues sequenced the genomes of virus 
samples from 21 patients in Saudi Arabia 
and constructed a genetic tree based on dif- 
ferences between the samples. The analysis, 
published online last week in The Lancet, 
identifies at least three distinct lineages of 
MERS. The variation among genomes col- 
lected within days of each other suggests 
that either the virus has evolved while mov- 
ing through a large asymptomatic popula- 
tion, or that it diversified in animals and 
infected humans on several occasions. 

The authors favor this second interpreta- 
tion, which highlights the need to identify 
an animal source and limit its contact with 
humans, Kellam says. Other researchers say 
both scenarios are equally plausible from the 
available data. http://scim.ag/MERSgenome 


LIVE 


Join us on Thursday, 3 October, at 3 p.m. EDT 
for a live chat on “Rocknest” and the lat- 
est findings from the Mars Curiosity rover. 
http://scim.ag/science-live 
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String Theory Goes Viral 


McGill University in Montreal. 


“Is string theory right? Is it just fantasy?” sings Tim Blais in 
“Bohemian Gravity,” the a cappella song parody that has 
garnered more than 1 million hits on YouTube, earned a 
plethora of blog mentions, and won the 23-year-old musi- 
cian his 15 minutes of online fame. A take on the 1975 
Queen rock aria, Blais’s creation features complex musical 
arrangements and video that he edited over the last year 
while he worked to complete a master’s degree in physics at 


A singer, piano player, and composer, Blais wrote 
his first science-themed YouTube foray, “Rolling in the 
Higgs’—inspired by the soulful song by Adele—during the 
live-streamed announcement of the Higgs boson discovery 
last year. Having received his degree, Blais says he was look- 
ing forward to leaving science for a while to focus on his first love: 
performing music. “But now, because of the video, people are encour- 
aging me to do a lot more science-based music,” he says. 

What do prominent critics of string theory think? “A fabulous bit of 
‘80s nostalgia,” was how Lee Smolin of the Waterloo, Canada—based 
Perimeter Institute put it. “I’m not in the mood to analyze the scientific 


and gravity.” 


on Facebook. 


Oh mamma mia mamma mia. “Such a sea of particles! A tachyon, with a dilaton 


arguments,” said Peter Woit of Columbia University, but he calls the 
video “fantastically good.” 

The recognition most meaningful to Blais? Mention by Queen gui- 
tarist Brian May, an astrophysicist who is now chancellor emeritus at 
Liverpool John Moores University in the United Kingdom. “Is that ME 
at the top of Brian May's website? | think | just won at life,” Blais wrote 
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U.S. RESEARCH SPENDING 


Sequester Takes Uneven 
Bite From Agency Budgets 


For nearly a year now, U.S. research leaders 
have been issuing dire warnings about layoffs 
and shuttered labs in the wake of the 5% bud- 
get cut, known as the sequester, that hit most 
federal research agencies in 2013. But as the 
USS. fiscal year enters its final week, hard data 
on how the sequester is affecting the coun- 
try’s scientific enterprise remain scarce. 
Several university deans and govern- 
ment laboratory directors report that its bite 
so far has been less severe than the bark, and 
the sequester’s impact also varies by agency. 
Last week, Francis Collins, the director of 
the National Institutes of Health (NIH), 
announced that NIH would make 650 fewer 
new competitive awards in 2013, a 7% drop. 
In contrast, a spokeswoman for the National 
Science Foundation (NSF) says that, “based 
on an initial review, we’re not seeing any note- 
worthy changes in the year-to-date numbers.” 
The sequester is a mandatory cut trig- 
gered by a 10-year budget agreement struck 
in 2011 that went bad. And agency officials 
are already deeply worried about the conse- 
quences of a continued squeeze on research 
budgets. “While NSF was able to largely miti- 
gate the impact of sequestration [this year] ... 
we remain deeply concerned ... should con- 
strained funding levels continue into [2014] 
and beyond,” NSF acting Director Cora 
Marrett told Science. In July, Collins warned 
biomedical researchers at a rally hosted by 
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Johns Hopkins University that sequestration 
is “putting an entire generation of U.S. scien- 
tists and our nation at risk.” 

Here’s a look at how three key agencies 
have handled this year’s sequester, which 
went into effect in March, and its effect to 
date on the researchers they fund. 


NIH: To trim its spending by 5.5%, to 
$29.15 billion, NIH took aim at new grants. 


Research Budgets, Percent Change From Year Before 
12% NIH 
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Worried. Scientists rally against the sequester in 
Washington, D.C., earlier this year. 


tutes made deeper cuts in centers, contracts, 
and other large programs to help shore up 
investigator-initiated grants. Some clinical 
trials for AIDS and influenza vaccines were 
slashed 20%, says Anthony Fauci, director of 
the National Institute of Allergy and Infec- 
tious Diseases, which may mean enrolling 
fewer patients. The base award for the iconic 
Framingham Heart Study, for example, was 
reduced by 40%, or $10 million. Even with 
the money from that and other cuts, however, 
the National Heart, Lung, and Blood Insti- 
tute decided for the first time to offer short- 
term bridge funding to applicants who need 
buoying while they await word from NIH on 
a revised proposal. 

Some universities and academic medi- 
cal centers are reporting a drop in first-year 
graduate enrollment—13% in the biomedical 
sciences at Duke, says Chancellor of Health 
Affairs Victor Dzau, and 11% across all grad- 
uate programs at Vanderbilt University, says 
Graduate School Dean Dennis Hall. Collins 
stands by his prediction from last spring that 
20,000 people on NIH-funded projects would 
lose their jobs due to the sequester, although 
NIH has no such unemployment data. “If 
nothing changes, ultimately that’s going to 
have to be what happens,” he says. 

On the other hand, the University of 
Washington in Seattle hasn’t trimmed the 
size of its entering graduate class, says Mary 
Lidstrom, vice provost for research, and fac- 
ulty requests for bridge funding actually 


New NIH Grants 
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The tally. This year, NSF has weathered the sequester better than DOE and NIH. But the cuts have left all 
agencies far below their 2014 budget requests. One consequence is fewer NIH grants (right). 


Collins expects that only about 15% of pro- 
posals reviewed this year will receive fund- 
ing, down from 18% in 2012. It is a historic 
low for the agency, which has seen rates 
tumble from a peak of 37% in 2001. 
Ongoing grants are also being trimmed, 
by an average of 4.7%. And some NIH insti- 
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dropped this summer. Likewise, the dire pre- 
dictions of 350 staffers being pink-slipped 
and 50 labs shuttered at the University of 
Pittsburgh haven’t materialized because fed- 
eral funding exceeded projections and the 
university used bridge funding to keep many 
labs afloat, explains Jeremy Berg, associate 
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senior vice chancellor for sci- 
ence strategy and planning in 
the health sciences. 


NSF: The science founda- 


“[Sequestration is] 
putting an entire 
generation of U.S. 
scientists and our 


grants. It’s a short-term solu- 
tion, to be sure, but it helped 
NSF keep the overall number 
of new awards this year close 
to 2012 levels. (NSF officials 


tion enjoys several advan- 
tages over NIH that allowed 
it to cushion the impact 
of this year’s sequester on 
the research community. 
The biggest was that Congress increased 
NSF’s 2013 budget by roughly 3% before 
the sequester kicked in. “We had a better 
starting point,” says one NSF official. That 
bump-up meant a net budget reduction of 
only 2.1% from 2012, to $6.88 billion (see 
graphic, p. 1437). 

The second advantage stems from the 
fact that roughly two-thirds of NSF grant- 
ees get their entire 3-year award up front in 
what’s called a standard grant. In contrast, 
only the first year of NIH’s typical 4-year 
award goes out the door to principal inves- 
tigators, who get the rest of what’s called a 
continuing grant in yearly increments that 
may fluctuate. 

Why does that matter? When faced with a 
sudden budget crunch, NSF can hold success 
rates steady by making slightly fewer stan- 
dard grants and handing out more continuing 


CLIMATE POLICY 


nation at risk.” 
—FRANCIS COLLINS, 


say they’re still tallying up the 
final numbers.) 

NSF sheltered favorite 
areas like its graduate research 
fellowships, advanced man- 
ufacturing, and cybersecurity research, as 
well as an interdisciplinary research initia- 
tive launched by its former director, Subra 
Suresh, who left in March to become presi- 
dent of Carnegie Mellon University. Large 
construction projects also escaped the ax this 
year, as NSF followed a White House budget 
directive that, as one NSF official put it, says, 
“Don’t do something now to save money if 
it’s going to make things worse next year.” 

In contrast, some disciplines have suf- 
fered disproportionate cuts. The budgets of 
NSF’s physics and mathematics divisions 
shrank by 9.6% and 7.8%, respectively, its 
environmental biology program has dropped 
by 6.3%, and both atmospheric and earth 
sciences were trimmed by 5.3%. 


DOE: The Department of Energy’s (DOE’s) 
Office of Science, the single biggest funder 


of the physical sciences in the United States, 
managed to weather its 5% sequester, to 
$4.63 billion, by eating its seed corn. 

Many of the office’s 10 national labs, 
which run large scientific user facilities 
such as x-ray sources and particle accelera- 
tors, had already cut staff in anticipation of 
a lean year and were able to avoid layoffs 
and furloughs this year. DOE officials also 
funded current operations with money from 
construction projects that were ending. That 
money normally would have gone for the 
next construction project. 

That change in tactics will make it 
harder to find sufficient money to launch 
the next project, however. “Anything that 
gets started is going to be a dead lift from 
zero [construction funding], and that’s a 
tough challenge even in the best of times,” 
says Thom Mason, director of the Oak 
Ridge National Laboratory in Tennessee. 
Without the cushion of construction money 
to soften the blow, he adds, future cuts will 
require DOE to shut down facilities. “The 
next time it will be a disaster,” warns Chi- 
Chang Kao, director of SLAC National 
Accelerator Laboratory in Menlo Park, 
California. 

-ADRIAN CHO, JOCELYN KAISER, 
AND JEFFREY MERVIS 


U.S. Carbon Plan Relies on Uncertain Capture Technology 


Talk about unfortunate timing. On one side of 
the Atlantic Ocean last week, U.S. Environ- 
mental Protection Agency (EPA) chief Gina 
McCarthy was unveiling a landmark proposal 
to require new coal-fired power plants built 
in the United States to capture and store at 
least some of the car- 
bon dioxide they emit. 
Meanwhile, in Norway, 
government officials 
announced that they 
were scrapping a long- 
anticipated $1 billion 
effort to test carbon cap- 
ture and storage (CCS) 
technology on a massive 
scale at an oil refinery. 
The so-called Mong- 
stad project was just the 
kind of CCS demonstra- 
tion project that special- 
ists say will be critical to 
making the technology 
practical, allowing coal- 
fired power to satisfy 
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the proposed U.S. regulations. Its cancella- 
tion, after the project went 50% over budget, 
was part of a discouraging pattern. Over the 
past decade, “a lot of programs were put in 
place” to develop CCS, says chemical engi- 
neer Howard Herzog of the Massachusetts 


a 2 


Fired up. Proposal would require coal-burning power plants to capture some carbon emissions. 
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Institute of Technology in Cambridge. But 
“the bad news is they hit a wall.” Herzog has 
documented more than 25 other major CCS 
projects around the world that have been can- 
celed or put on hold in recent years. 

Such setbacks pose a major challenge 
to President Barack 
Obama’s plans to use 
CCS to help reduce 
carbon pollution and 
curb global warming. 
If last week’s proposal 
is ultimately adopted, 
for instance, it would 
require U.S. utilities 
building new coal- 
powered plants to cap 
carbon emissions at 500 
kilograms per megawatt 
hour—roughly half 
what an average coal 
plant emits. CCS could 
enable a plant to com- 
ply, and EPA officials 
say there are a variety 
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of existing and nearly ready methods com- 
panies could use. But few full-scale CCS 
installations—which could trap about half 
a million kilograms of carbon dioxide per 
year or more—have been built to test those 
technologies. 

Not that governments and the power 
industry aren’t interested. Congress has 
given the U.S. Department of Energy some 
$6 billion to spend on CCS R&D since 2008, 
with a goal of bringing five large-scale dem- 
onstrations online by 2016. That investment 
has borne some fruit, says Jeffrey Phillips, 
who manages the CCS research program for 
the Electric Power Research Institute in Palo 
Alto, California. It has helped cut by more 
than 10% the amount of energy that it takes 
to run state-of-the-art CCS processes, for 
instance, which is a major issue in the indus- 
try. But “is that enough to convince an energy 
executive to spend $2 or $3 billion” on a new 
coal-fired power plant with CCS? “Abso- 
lutely not,” he says. 

Skyrocketing prices for commodities, 
such as steel, have made building new coal- 
fired plants more expensive than ever—and 
CCS can add an estimated 30% to the price 
tag. CCS would also increase operating costs. 
One pilot project in New Haven, West Vir- 
ginia, suggested that power produced by a 
full-scale CCS facility would cost 50% more 
than from a traditional coal plant. And regu- 
lators are reluctant to pass such extra costs on 
to consumers. 

At the same time, the plummeting price 
of natural gas has made gas-fired plants 
more attractive, putting even conventional 
coal plants at a disadvantage. (The proposed 
rules cover natural gas plants, too, but most 
are already clean enough to qualify.) Such 
trends—combined with the rules proposed 
by the Obama administration—‘‘could mean 
that [U.S.] power generation companies may 
completely give up on coal” for new plants 
for the foreseeable future, Phillips says. 

Others are more optimistic. The new 
proposal—now out for public comment and 
certain to face legal challenge—also pro- 
vides incentives to develop CCS, says John 
Thompson, an analyst with nonprofit Clean 
Air Task Force in Boston. “Flexible” rules 
allowing power generators to phase in CCS 
over time, for instance, could give firms an 
opportunity to experiment and innovate. 

In the short run, “these regulations don’t 
change much,” Herzog says, because no new 
coal plants are on the drawing board. He says 
a second Obama proposal, which will restrict 
emissions from existing coal plants, “could 
be more consequential.” That is expected 
next year. —-ELI KINTISCH 
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Will New Government Overcome 
‘Symbolically Challenged’ Start? 


SYDNEY, AUSTRALIA—Australian scientists 
could be excused for feeling uneasy. Fresh off 
its victory in the 7 September elections, the 
new conservative government began disman- 
tling climate change science and mitigation 
programs, and it eliminated the science min- 
ister post—leaving the coun- 
try without a science minis- 
ter for the first time in more 
than 80 years. More tremors 
could follow: The govern- 
ment has not tipped whether 
it will follow through on a 
campaign threat to micro- 
manage Australian Research 
Council (ARC) grants, or 
whether it will shore up par- 
ticipation in international 
science projects. 

For the time being, sci- 
entific leaders are quietly 
making their case, hoping 
that the government views 
science more favorably than its early moves 
suggest. “At this stage, it’s wait and see,” says 
Les Field, secretary for science policy at the 
Australian Academy of Science. 

Before the election, the conservative coali- 
tion vowed to maintain support for medical 
research—the government is spending AUD 
$780.5 million this year—improve science 
teacher training, and support industrial R&D. 
Science will not be shortchanged in the Cabi- 
net, insists Industry Minister Ian Macfarlane, 
whose duties include oversight of energy, 
science, and technology research, as well 
as research infrastructure. Macfarlane tells 
Science that he will work with other ministers 
to craft a “long-term strategy” for Australian 
science. And the government will retain its 
chief scientist, a post now held by neurosci- 
entist Ian Chubb. “My grandfather was chief 
government geologist in Queensland and my 
mother worked as a scientist also,” says Mac- 
farlane, who was a farmer before turning his 
hand to politics. “So I know why science is 
important in theory, and I’ve seen it in action.” 

Yet climate science is clearly in the cross- 
hairs. On 8 September, Environment Minis- 
ter Greg Hunt abolished the Climate Com- 
mission, a government body established in 
2011 to provide independent information on 
the science of climate change. (Commission- 
ers this week decided to continue operating as 
a nonprofit. ““We’ve had an outpouring of sup- 
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Reassuring. lan Macfarlane says he 
knows “why science is important.” 


port from around the country,” says Commis- 
sioner Will Steffen, of the Australian National 
University.) Hunt also began drafting legisla- 
tion to eliminate the Climate Change Author- 
ity, set up last year to advise government on 
climate change mitigation. 

There is also widespread 
disquiet in the research 
community over a cam- 
paign pledge by conser- 
vative politicians to audit 
“increasingly ridiculous 
research grants awarded 
after expert review by the 
ARC.” They declared an 
intention to “reprioritize” 
AUD $103 million over 
4 years by terminating 
grants in areas such as 
anthropology and philoso- 
phy and instead funding 
projects in dementia, bowel 
cancer, diabetes, and tropi- 
cal health. The prospect of “nonexperts” med- 
dling with peer review is “scary,” Field says. 

Academy officials met privately with 
Macfarlane last week, calling his attention to 
a briefing paper that they had prepared before 
the election. The confidential document cov- 
ers the need for a long-term science strategy 
that isn’t “hamstrung” by the electoral cycle, 
the importance of international collaboration 
and science literacy, and the difficulty of put- 
ting a dollar value on basic research. 

Although the new government’s rheto- 
ric is alarming, science has been “on the 
back burner” for years, says Brian Schmidt, 
an astronomer at the Australian National 
University in Canberra who has joined col- 
leagues from several organizations to advo- 
cate a national research policy. They hope to 
secure an extension of the National Collabor- 
ative Research Infrastructure Strategy, which 
has poured roughly AUD $635 million into 
major projects since 2004 and is set to expire 
in 2015. Among the projects at risk, Schmidt 
says, are Australia’s site for the Square Kilo- 
metre Array radio telescope project and par- 
ticipation in Gemini, which supports tele- 
scopes in Hawaii and Chile. 

The new government has gotten off to a 
“symbolically challenging” start, Schmidt 
says. But he’s willing to give it time to come 
through on substance. -LEIGH DAYTON 
Leigh Dayton is a writer in Sydney, Australia. 
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INFECTIOUS DISEASES 


DNA Sleuths Track C. difficile Infection Routes 


Studies that track one of the most common 
hospital-acquired infections suggest that cur- 
rent efforts to control it are missing the mark, 
by a large margin. 

The bacterium Clostridium difficile sick- 
ens 336,000 Americans each year and kills 
14,000, according to figures released last 
week by the Centers for Disease Control 
and Prevention (CDC)—a 400% increase 
in deaths and hospitalizations since 2000. 
Infection can cause watery or bloody diar- 
rhea so severe that the kidneys fail from 
dehydration. To control outbreaks, thought 
to spread mainly through patients’ feces, 
hospitals isolate people with symptoms and 
require health care workers to wear gloves, 
frequently wash hands, and decontaminate 
everything from toilets to windowsills to call 
buttons with bleach. 

But a study this week 
in The New England 
Journal of Medicine 
(NEJM) by research- 
ers at the University of 
Oxford and the Univer- 
sity of Leeds, both in 
the United Kingdom, 
reports that people with 
symptoms transmit only 
about 30% ofall hospital 
infections. That leaves 
the source of about 70% 
unaccounted for—and 
medical experts uncer- 
tain about how best to 
prevent them. 

Previous research, 
including a 2012 study 
by the same group, 
had implicated other sources of infection, 
says Stephan Harbarth, an infection control 
expert at the Geneva University Hospitals in 
Switzerland. But the new study nails it, he 
adds. “It’s a huge bit of work and laudable 
what they have done.” 

In the NEJM study, the researchers ana- 
lyzed stool samples collected from approxi- 
mately 15,000 patients admitted to one of 
three hospitals near Oxford over 3.6 years, 
then used whole-genome sequencing to deter- 
mine which of the infections were linked. Any 
two cases were considered to be related if they 
met two conditions: their bacteria differed by 
less than 2 nucleotides, and the patients had 
direct or indirect contact while one was infec- 
tious or any two overlapped in the hospital 
during the same 12-week incubation period. 
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Only 35% of cases could be matched 
in this way. Furthermore, 13% of posi- 
tive cases were linked genetically but not 
epidemiologically—the researchers found 
no evidence of contact between the patients 
carrying the related strains, inside or outside 
of the hospital. 

There are three possible explanations, 
says Mark Wilcox, a medical microbiolo- 
gist at Leeds Teaching Hospitals. C. difficile 
is known to spread through airborne spores, 
believed to survive for up to 5 months. If 
spores survive much longer than that, they 
might account for many new cases. Another 
possibility is that C. difficile may have yet- 
to-be-identified reservoirs in the environ- 
ment or in hospitals. Or the bug might be 
spreading from the many people who carry 


Trends in Hospital Stays Associated With C. difficile Infection 
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Alarming trend. Hospital stays for C. difficile have climbed sharply. New studies suggest that asymp- 
tomatic carriers may be spreading the disease. 


C. difficile asymptomatically in their gut. 
They sometimes become ill when they take 
antibiotics that destroy gut flora and enable 
the bacteria to flourish. But even when they 
are free of symptoms, C. difficile carriers 
shed the bug in stool, but not as much, and 
likely also spread it when they don’t wash 
their hands. 

The prevailing view has been that carri- 
ers who are not ill contribute just a few per- 
cent to hospital infections. But two other 
recent studies suggest that such carriers 
play a much larger role in disease transmis- 
sion Scott Curry and colleagues at the Uni- 
versity of Pittsburgh School of Medicine 
screened 3006 patients with multilocus tan- 
dem repeat genotyping—similar to DNA 
fingerprinting—and found that about 30% 
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of patients acquired the infection from 
people with no symptoms, they reported 
online on 13 August in Clinical Infectious 
Diseases. Work by Prameet Sheth at the Uni- 
versity of Toronto and colleagues suggests 
that more people carry the bug “silently” 
than previously thought. When they screened 
patients admitted to general medicine wards, 
50 out of 474 tested positive for the bug, 
although only five had active infection. 

If asymptomatic carriers transmit about 
30% of infections, that still leaves 30% 
to 40% for which the source in unknown. 
“What’s the prevalence of asymptomatic car- 
riers?” Harbarth asks. “What’s the true rate 
of transmission in the community? And what 
the heck can explain the source of these com- 
munity acquisitions? Is C. difficile coming 
from food, water, soil?” 

During a hospital 
outbreak, targeting the 
symptomatic may still 
be the best control strat- 
egy, Wilcox says. “If 
they are spreading the 
brown stuff around, they 
will have more case-to- 
case transmission,” he 
explains. But in hospi- 
tals that already have 
good C. difficile con- 
trol practices, “focusing 
on symptomatic peo- 
ple may be missing the 
trick,” he says. 

Recent evidence 
from the United King- 
dom suggests that 
one of the most cost- 
effective prevention approaches is to be 
more prudent about the amount and types 
of antibiotics prescribed to prevent trig- 
gering active cases in the first place. After 
introducing changes to doctors’ antibiotic- 
prescribing habits, the U.K. government has 
documented major drops in prescriptions 
for fluoroquinolones and cephalosporins— 
broad-spectrum antibiotics—over the past 
5 years. Concurrently, since peaking in 
2007, C. difficile infection rates in the United 
Kingdom have plummeted more than 70%. 
Unfortunately, says Cliff McDonald, a medi- 
cal epidemiologist at CDC in Atlanta, such 
strategies are still more the exception than 
the rule in U.S. hospitals. 

—-GUNJAN SINHA 
Gunjan Sinha is a science writer based in Berlin. 
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Zombie Endocrine Disruptors May 
Threaten Aquatic Life 


When cattle arrive at feed lots in the United 
States to be fattened up, many ranchers 
implant slow-release pellets of steroid hor- 
mones to enhance their growth. Only trace 
amounts of the added hormones remain in 
the beef after slaughter, but their metabolites 
can leach from urine and manure. When they 
reach streams or ponds, some can disrupt 
the endocrine systems of aquatic life. Indus- 
try scientists have noted that many of these 
metabolites quickly break down in sunlight, 
which should limit the ecological threat. But 
they did not reckon with what happens next. 
Research online in Science shows that the 
gradation products of a widely used syn- 
thetic androgen called trenbolone acetate 
can revert at night, zombielike, back into 
the endocrine-disrupting metabolites (http:// 
scim.ag/ShenQu). The same could be true 
of metabolites of other hormones that make 
their way into the environment. “This is a 
very comprehensive and impressive study, 
and its implications for aquatic ecosystems 
are sobering,” says Karen Kidd of the Uni- 
versity of New Brunswick, Saint John, in 
Canada. “It’s a potential game-changer” for 
ecological risk assessment, adds Deborah 
Swackhamer of the University of Minnesota, 
Twin Cities. “My eyebrows went up.” 

Citing human health concerns, Europe 
banned trenbolone and other bovine growth- 
promoters in 1981. Yet the US. cattle industry 
enjoys an estimated $1 billion annual benefit 
from trenbolone alone: Animals receiving it 
gain up to 20% more weight per day than they 
would otherwise and are also more efficient 
at turning feed into muscle. But environmen- 
tal concentrations as low as 10 parts per tril- 
lion significantly reduce the fecundity of fish 
and skew the sex ratios of their populations, 
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scientists from the U.S. Environmental Pro- 
tection Agency have found. 

In 2009, environmental engineer David 
Cwiertny of the University of Iowa in Iowa 
City and Edward Kolodziej of the Univer- 
sity of Nevada, Reno, set out to trace the fate 
of the hormone and its metabolites. In their 
early work, Cwiertny and Kolodziej con- 
firmed that the metabolites quickly degrade 
in sunlight as photons transform a part of 
their structure called a m-bond. But they also 
found that the so-called phototransformation 
products retain some ability to alter the endo- 


Photoproduct 
Metabolite 


Cyclic. Sunlight turns trenbolone metabolites (left) 
to photoproducts but changes (red) revert at night. 


crine function of laboratory fish, as their team 
detailed in the 21 May issue of Environmental 
Science & Technology. “The risk isn’t neces- 
sarily going to go away,” Cwiertny says. 
Cwiertny’s graduate student Shen Qu 
then discovered that, at night, a fraction of 
the two major photoproducts reformed into 
their parent molecule, the trenbolone metab- 
olites. “That alone is an astonishing result,” 
Swackhamer says. The authors also observed 
this unprecedented reversible phototransfor- 
mation of steroids in dienogest, which is used 
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Beefing up. Implanted growth promoters help many 
U.S. cattle gain significantly more weight. 


for human birth control, and in the illegal 
bodybuilding drug dienedione. 

What happens, Cwiertny and Kolodziej 
believe, is that sunlight adds a water mole- 
cule across the m-bonds, creating the photo- 
product. At night, a chemical reaction spon- 
taneously removes the water. This happens 
at temperatures and pH typical of surface 
waters known to be contaminated by trenbo- 
lone metabolites. “It makes total sense when 
you look at it,’ says Douglas Latch, a photo- 
chemist at Seattle University in Washington. 
“Tt’s unexpected in the sense that no one had 
designed experiments to find that.” 

The team found that only about 15% of 
the metabolites is reformed from the photo- 
products during 12 hours of darkness. But the 
prolonged darkness at the bottom of murky 
ponds or in the pore-water of streambed sedi- 
ment may allow much more reversion. After 
120 hours without light, the researchers 
found, up to 70% may be reconverted. For 
added realism, the team studied trenbolone 
metabolites added to water taken from the 
Iowa River, as well as in pond water with 
manure from implanted cattle. The trenbolone 
metabolites in the contaminated water under- 
went the same diurnal cycles of reversion seen 
in laboratory samples, Cwiertny says. 

Regulators need guidance on how to 
incorporate these findings into risk assess- 
ment, says Kathrin Fenner of the Swiss Fed- 
eral Institute of Aquatic Science and Tech- 
nology in Diibendorf. “They cannot just be 
ignored.” The researchers themselves say that 
the implications for human health are mini- 
mal, given the small amounts of trenbolone 
in meat, but that the resurrected endocrine 
disruptors could be harming aquatic life. 
Cwiertny adds that the reversion process 
yields not just the original metabolites but 
also creates similar chemicals called struc- 
tural analogs that might have unknown 
effects. “You’re opening the door to additive 
toxicity,” he says. 

Ecotoxicologist John Sumpter of Bru- 
nel University in Uxbridge, U.K., points out 
that the new study does not evaluate the bio- 
logical effects of any of these compounds, so 
it’s impossible to judge whether the photo- 
reversion has any significant ecological 
impact. A spokesperson for Merck, a large 
producer of trenbolone, agrees, saying that 
“the implications of these findings to the envi- 
ronment remain undefined and theoretical.” 
Nonetheless, Sumpter cautions: “Just because 
a chemical is degraded, don’t assume it won’t 
come back to haunt you.” -ERIK STOKSTAD 
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Taming a Mercurial Element 


3 


AT ROOM TEMPERATURE, MERCURY CAN PUDDLE IN YOUR PALM 
like some silver elixir. Ancient alchemists believed the glittering metal 
was the origin of all matter; healers saw it as the key to eternal life. 

In fact, however, mercury is a potent toxin that causes cell death, 
brain damage, and birth defects. Unfortunately, it is also a widespread 
byproduct of common industrial processes, such as burning coal, and 
is widely used in trades such as gold mining. Humans have released 
some 200,000 metric tons of mercury into the environment since 1850, 
researchers estimate, with sometimes staggering costs to human health. 

On 9 October, representatives from more than 140 nations will 
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gather in Japan to officially embrace a global agreement aimed at 


reducing mercury’s threat—and spurring the research needed to do so @ % 


(see story, p. 1443). Fittingly, the delegates are gathering in Minamata, 
a seaside town that was devastated by mercury pollution a half-century 
ago and is still struggling with that legacy (see story, p. 1446). The 
new convention seeks to prevent similar disasters elsewhere, such as in 
the world’s rapidly expanding artisanal gold mines, which are now the 
olan eM g source of new mercury pollution (see story, p. 1448). 
Mercury’s, well, mercurial properties make it hard to get a grip on. 
But the world is now going to try. -DAVID MALAKOFF 
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With Pact's Completion, 
The Real Work Begins 


The Minamata Convention on Mercury seeks to curb or end most uses 
of mercury. It also calls for plenty of research 


STOCKHOLM—An elegant crematorium sits 
in a wooded cemetery here on the edge of the 
city. It once reduced corpses to ash. But gov- 
ernment regulators shut it down not long ago, 
because its old-fashioned ovens couldn’t pre- 
vent toxic mercury in the dental fillings of the 
dead from wafting into the atmosphere, and 
ultimately falling back to Earth and threaten- 
ing the living. 

Thousands of similar crematoria, and 
countless other industrial sources of mer- 
cury, could eventually face similar regula- 
tion as a result of the Minamata Convention 
on Mercury to be finalized in Japan next 
month. Years in the making, the agree- 
ment calls on signing nations to launch a 
wide range of initiatives to reduce mercury 
pollution, which can 
cause birth defects, brain 
damage, and disease in 
humans and other ani- 
mals. Goals include curb- 
ing mercury emissions 
from coal-fired power 
plants and industrial facil- 
ities, phasing out by 2020 
many consumer prod- 
ucts that contain mer- 
cury, “phasing down” the 
use of mercury in dental 
amalgams, and closing 
all mercury mines within 
15 years after the con- 
vention takes effect. (Use 
of existing mercury in 
research and medicine, 
however, could continue.) 

It’s an ambitious 
to-do list, and many of the convention’s goals 
are essentially voluntary, qualified with the 
phrase “where feasible.” But modeling stud- 
ies suggest that it could, under aggressive reg- 
ulatory scenarios, help reduce global mercury 
emissions by 15% to 35% in coming decades. 
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Beautiful killer. Mercury, here on a gold miner's 
thumb, can cause brain damage and birth defects. 


www.sciencemag.org SCIENCE 


Still, even some who welcome the con- 
vention worry it doesn’t go far enough, 
fast enough. Negotiators stopped short, for 
instance, of requiring many industrial and 


. power plants to rap- 
Online 


idly curb their mer- 
: cury emissions, giving 
a some a decade or more 
| with author David 0 act. “That’s a lot of 
Malakoff (http://scim.ag/ Mercury” that will be 
pod_6153). added to the environ- 
ment in the meantime, 
says Susan Egan Keane, an environmental 
analyst at the Natural Resources Defense 
Council in Washington, D.C. But “the reality 
is that we wouldn’t have had a treaty at all if 
we didn’t have those compromises.” 


160 Years of Mercury Emissions 
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Peaks and valleys. Studies suggest mercury emissions surged before and after the chaos of 
World War II and the Great Depression. 


The pact also includes plenty of work for 
researchers. It tasks nations with beefing up 
efforts to monitor and tally mercury releases 
from a slew of sources (see bottom graphic, 
p. 1445). It also calls for improving efforts 
to understand mercury’s complex chemis- 
try, and how the toxin moves through food 
chains and ecosystems. And it includes land- 
mark language emphasizing the importance 
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of protecting human health and developing 
science-based methods of monitoring people 
at risk of exposure. Such data will be essen- 
tial to determining whether the convention 
is achieving its goals—and to enforcing any 
new mercury controls. 

“Under no circumstances do I think 
this treaty is a silver bullet,’ says Henrik 
Selin, a policy researcher at Boston Univer- 
sity. But it will become “a focal point” for 
science and innovation, he predicts. 


Trust but verify? 

One major task will be clarifying how 
mercury enters and moves through the envi- 
ronment (see top graphic, p. 1445). Today, 
researchers estimate that human actions 
annually dump some 2000 metric tons of the 
heavy metal into air and water. That’s down 
from an estimated peak of some 2600 met- 
ric tons per year in 1890, during a gold and 
silver mining boom in North America (see 
graph, below). 

But there’s plenty of uncertainty in those 
numbers: The United Nations Environment 
Programme (UNEP), for instance, recently 
estimated that annual air 
emissions could total 
as little as 1010 metric 
tons or as much as 4070. 
Even less certain are the 
amounts released into 
water, and the quantities 
“re-released” into the 
environment by the vast 
stores of mercury that 
have piled up in soils and 
sediments over the past 
few centuries. Overall, 
studies suggest that these 
“re-emissions” account 
for about 60% of annual 
air emissions, double 
the share contributed 
by current sources. (Nat- 
ural sources such as vol- 
canoes and forest fires 
account for 10%.) 

Firming up such figures is a key goal of 
the new convention, which calls on sign- 
ers to submit detailed—and accurate— 
emissions reports. Some existing data 
gaps might be filled simply by improving 
tracking of mercury purchases or requir- 
ing industries to file more detailed pollu- 
tion reports. But assembling truly solid 
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data could also require upgrading the 
world’s existing patchwork of permanent 
monitoring stations, which feature sen- 
sitive instruments able to detect specific 
mercury compounds. “We have to be able 
to verify [a country’s] emissions inventory 
... by cross-checking with monitoring and 
real data,” says Nicola Pirrone, director 
of the Institute of Atmospheric Pollution 
Research in Rome. 

Creating an effective global monitoring 
system could be a tall task. Although the 
United States, Canada, and Europe have 
run relatively robust mercury measurement 
programs for more than a decade, other 
regions, especially in the South- 
ern Hemisphere, are barely cov- 
ered. In one nascent effort to 
change that, in 2010 Pirrone 
won support from the European 
Union to launch a Global Mer- 
cury Observation System. In 
cooperation with others, it has 
begun installing instruments in 
places such as Brazil and Argen- 
tina. But its future is unclear; 
the European Union promised 
just 5 years of funding, and the 
new instruments are expensive, 
costing tens of thousands of 
dollars to build and operate. A 
And although the Minamata 
Con-vention calls on wealth- 
ier nations to help poorer ones 
boost their data-gathering capa- 
bilities, so far there is no con- 
crete funding plan. 

Studies have also suggested 
that some commonly used instru- 
ments may not be able to detect important 
varieties of mercury that form in the atmo- 
sphere, giving a misleading picture of emis- 
sions and their final resting place. Such 
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findings are a reminder that much of mer- 
cury chemistry is still a mystery; scientists 
don’t understand key oxidation processes 
in the atmosphere, for instance, or how the 
metal moves and behaves at high altitudes. 
“If we don’t know [such atmospheric chem- 
istry], we don’t know anything,” says Dan 
Jaffe, an atmospheric chemist at the Univer- 
sity of Washington, Seattle. 


Healthy accord 

Although the agreement doesn’t spell out 
exactly how its human health provisions 
should be implemented—or how the work 
would be paid for—past agreements could 
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Shifting shares. Artisanal gold mining has become the world’s leading source of 
mercury emissions in recent years. 


provide a guide. Under the 2001 Stock- 
holm Convention on Persistent Organic 
Pollutants, for instance, nations ultimately 
agreed to create coordinated databases that 
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Making tracks. Mercury emissions can move vast 
distances around the planet in air and water, settling 
for centuries before being re-emitted to the environ- 
ment in new forms. 


record levels of pesticides and other chemi- 
cals in breast milk in order to track infant 
exposures. Signers of the Minamata Con- 
vention could choose to pursue that kind of 
biomonitoring and reporting infrastructure 
for mercury, too. 

Countries still need to work out what 
kinds of data to collect, however. Although 
blood samples can provide extensive infor- 
mation on total mercury exposure, for 
instance, they can be intru- 
sive to collect and costly to 
maintain. An alternative might 
be gathering hair or urine sam- 
ples, but recent research has 
shown that each might accu- 
mulate a different record of 
mercury exposure, potentially 
skewing results. There is also 
the question of which popula- 
tions should get priority for bio- 
monitoring—and how to make 
sure they derive some benefit 
from research. 

Such issues are likely to 
come to the fore as nations begin 
to implement the Minamata 
Convention, which will enter 
into force once 50 nations have 
ratified it. Then, the clock starts 
ticking: Nations are supposed 
to meet for an initial “effective- 
ness evaluation” within 6 years. 
By then, researchers hope to be 
able to report on whether efforts to limit 
mercury pollution are on track, or are still 
falling short. 

-NAOMI LUBICK AND DAVID MALAKOFF 
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MERCURY POLLUTION 


In Minamata, Mercury 


Still Divides 


Nearly 60 years after a chemical plant caused one of the world’s worst 
episodes of mercury poisoning, the Japanese town that came to sym- 
bolize the metal’s threat is still struggling with the aftermath 


MINAMATA, JAPAN—Anyone arriving here 
by train gets the message that this is a com- 
pany town: The station doors open to a broad 
tree-lined street that leads directly to the gates 
of what was once the Shin Nippon Chisso 
Hiryo chemical plant. The street bisects 
downtown, mirroring a deeper division in 
the community that has given its name to the 
Minamata Convention on Mercury. 

Nearly 6 decades after researchers iden- 
tified the first victims of what came to be 
called Minamata disease, and 45 years after 
the government officially recognized that 
methylmercury discharged from the Chisso 
plant had caused one of the most notorious 
pollution disasters of all time, this com- 
munity and scientists are still split over the 
calamity, and in some very curious ways. 
The town hosts both official and “unofficial” 
Minamata disease museums, for instance. 
There are also twin disease research insti- 
tutes, one sponsored by the government, the 
other by a university. 

The two blocks are not—on the surface 
—antagonistic. “We may have different per- 
spectives, but that doesn’t mean we are ene- 
mies,” says Kunio Endo, a director of the 
Minamata Disease Center, a citizens’ group 
which operates the unofficial Minamata 
Disease Museum. But the differences in 
style and emphasis are clear. The unofficial 
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museum is housed in a tin-roofed shed that 
sits along a narrow lane high above the town. 
On a hot, humid day, breezes through open 
doors provide only occasional relief. 

In contrast, the official Minamata Disease 
Municipal Museum overlooks the bay in a 
sleek, modern building that is comfortably air- 
conditioned. And while the municipal muse- 
um’s slick displays tend to reflect the official 
line that the Minamata incident is largely 
resolved, its unofficial counterpart stresses 
patients’ and advocates’ view that the trag- 
edy is still unfolding. “There are still many 
unresolved issues,” says Masanori Hanada, a 
social policy specialist who heads the Open 
Research Center for Minamata Studies, 
attached to Kumamoto Gakuen University. 

Among them: finding ways to identify 
patients with less severe mercury poisoning 
symptoms, and figuring out how low-level or 
early-life exposure is affecting people as they 
age. There are also fierce, ongoing battles over 
who should be counted among the victims of 
Minamata disease, who could number just a 
few thousand or up to 100,000—depending 
on who is counting. 


A historic divide 

The split in the Minamata community 
existed even before the disease emerged. 
The company that ultimately became Chisso 
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Toxic legacy. Decades after mercury pollution ended 
in the town of Minamata, victims still need help. 


Corp. opened a fertilizer plant in the town in 
1908 and gradually diversified into a range 
of chemicals. In 1932, Chisso began mak- 
ing acetaldehyde, used to produce a range 
of synthetic materials. The production pro- 
cess relied on mercury sulfate as a catalyst, 
producing an unwanted byproduct known as 
methylmercury—a potent form of mercury 
now known to enter the food chain and accu- 
mulate in fish and other animals and cause 
brain damage and birth defects. 

As Chisso prospered, Minamata grew, 
and its economy bifurcated. By the 1950s, 
roughly one-half of the town’s residents 
depended directly or indirectly on the com- 
pany for their livelihood. The other half stuck 
with their traditional livelihoods: fishing and 
farming. In the spring and summer of 1956, 
what was first known simply as “a strange 
disease” started afflicting fishing families 
in villages scattered around Minamata Bay. 
Symptoms included numb hands and feet 
and difficulty walking and talking. Severe 
cases progressed to convulsions and death. 
Of 54 patients identified in 1956, 17 died 
that year, according to the National Institute 
for Minamata Disease, the “establishment” 
research institute. 

By year’s end, Kumamoto University 
researchers believed the cause was eating 
local fish and shellfish contaminated with 
heavy metals. Suspicion focused on the 
Chisso plant, which discharged its untreated 
waste directly into waterways. But for several 
years, Chisso refused to disclose any infor- 
mation; investigators later found that execu- 
tives covered up in-house research suggesting 
a link between its wastewater and the illness, 
and put forward alternative theories. 

Residents were divided, either blam- 
ing or defending the company. Victims 
and their families were ostracized; at first, 
many townspeople feared the illness might 
be contagious. 

In 1959, under pressure from the fish- 
ing industry and the national government, 
Chisso installed a wastewater treatment 
system. It was of little use, according to a 
2011 report prepared by Japan’s Ministry of 
the Environment. “It was later discovered,” 
the report noted, “that the system was not 
designed to remove mercury and was use- 
less for the removal of methylmercury.” In 
December 1959, Chisso agreed to compen- 
sate known victims and fishers, although the 
company continued to push alternative theo- 
ries for what was causing the illness, by then 
dubbed Minamata disease. 
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For the next 9 years, Chisso and national 
and local governments considered the case 
closed. Officials were concerned about the 
economic impacts of closing or reengineer- 
ing the plant. So the wastewater taps remained 
open, and methylmercury continued to accu- 
mulate in the tissues of fish and shellfish. The 
metal also continued concentrating in those 
who ate seafood, including in the placentas 
of expectant mothers, exposing the unborn 
babies to a potent neurotoxin. 

Finally, in May 1968, Chisso halted acet- 
aldehyde production, thus ending its use of 
mercury. (The plant still makes other prod- 
ucts.) Later that year, the national govern- 
ment officially acknowledged that Minamata 
disease was caused by eating seafood con- 
taminated by effluent from the factory. But 
the statements claimed the outbreak had 
ended in 1960. And through the early 1970s, 
the national government continued to play 
down the threat of eating contaminated sea- 
food from Minamata Bay, ignoring the per- 
sistence of mercury in seafloor sediment. 
Government officials didn’t close the bay to 
fishing until 1975 (lifting the ban in 1997 
after massive dredging). Meanwhile, activists 
started drawing global attention to the grow- 
ing human toll with dramatic photographs of 
disfigured, paralyzed victims. “If the national 
government had taken any measures to stop 
people from eating fish, we would have had 
many fewer patients,” Endo says. 


Who is a patient? 
Exactly who those patients are is the subject 
of much medical and legal dispute, fed by 
uncertainty about exposure levels and symp- 
toms. The year Chisso stopped using mercury, 
Minamata patients and advocates formed 
the Citizens’ Council for Minamata Disease 
Countermeasures to support victims seeking 
compensation. Since then, there have been 
45 years of negotiations, arbitrations, court 
judgments, bureaucratic diktats, and Cabinet 
decisions, as well as two laws enacted by the 
national legislature. The result: a bewildering 
patchwork of differing classes of victims, lev- 
els of compensation, and medical support. 

There are, for instance, some 2260 “Cer- 
tified Minamata Disease Patients” selected 
by expert panels using strict criteria set by 
the environment agency in 1977. To qualify, 
a person must have more than one “severe” 
symptom, have lived in the most contami- 
nated areas, and been born before 1969. Each 
has received a lump-sum payment ranging 
from $160,000 to $180,000 plus pensions 
and medical care. 

Under a 1995 national law, another 11,000 
patients with less severe abnormalities 
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became eligible for payments of $26,000 and 
support for medical expenses. And in 2009, 
the national legislature created yet another 
program to support those with even less 
severe disabilities. 

Last April, however, two Supreme Court 
decisions threw the system into turmoil, over- 
ruling one of the expert panels that certifies 
victims and questioning whether it was sci- 
entifically justifiable to require patients to 
exhibit multiple severe symptoms to qualify. 
Meanwhile, 65,000 people have applied for 
compensation under the 2009 law. 

Endo says he believes the total number of 


people afflicted with Minamata disease could 
be as high as 100,000. One part of the chal- 
lenge, critics of the current system say, is that 
screening for signs of methylmercury poison- 
ing was done several years after the crisis and 
in a piecemeal way. Another is that even peo- 
ple who were exposed to biologically harm- 
ful levels may not be aware they have symp- 
toms. “I cannot distinguish by feel whether 
I’m touching someone’s hair or their shirt,” 
says Hajime Sugimoto, a 52-year-old, third- 
generation Minamata fisherman who lived in 
Tokyo and worked odd jobs during the ban on 
fishing. He says he also cannot tell when he 
has his hands in cold water. But when he was a 
child, “I thought this was just normal.” 

To help identify other such “quiet” vic- 
tims, a team led by Shigeru Takaoka, a phy- 
sician at the private Kyoritsu Neurology and 
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Ground zero. Minamata disease was ultimately linked to a chemical plant in the community. 
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Rehabilitation Clinic in Minamata, has been 
doing its own surveys. At the International 
Conference on Mercury as a Global Pollut- 
ant in Edinburgh in July, they reported finding 
extensive signs of methylmercury poisoning 
in more than 1000 people living on the coast 
of the Shiranui Sea, which contains Minamata 
Bay. “These people are not like the victims 
seen in the [famous] photographs, but they are 
Minamata disease patients,” Takaoka says. 


The long view 
More patients could emerge as Minamata’s 
population ages, Takaoka says. His surveys 


hase 


suggest that symptoms may appear or worsen 
as those exposed get older, but so far there are 
no large-scale, systematic studies. 

The slow, late, and cumbersome process 
of identifying Minamata patients is some- 
what ironic, critics note, given that the new 
convention includes unusual language that 
commits signers to efforts to understand and 
monitor the health threats posed by mer- 
cury (see story, p. 1443). But it may be in 
keeping with the conflicted views that many 
Minamata residents have of the horrendous 
event that gave the town global recognition. 
Although the Japanese government suc- 
cessfully lobbied hard to get the convention 
named for Minamata, Endo says that 90% of 
residents “are not happy about an incurable 
disease being named after their hometown.” 

—-DENNIS NORMILE 
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MERCURY POLLUTION 


Gold’s Dark Side 


Small-scale artisanal gold mining has become the world’s leading 


source of mercury pollution, poisoning air, rivers, and people 


People come to La Rinconada, Peru, for one 
major reason: gold. There’s little comfort, 
and not much oxygen, to be had in the world’s 
highest city, which climbs windswept slopes 
at an altitude of more than 5000 meters. But 
the surrounding Andes mountains are full of 
the precious metal, and more than 35,000 
people have flocked there to mine it, trade it, 
or otherwise strike it rich. 

But if there’s gold in the hills, there’s a far 
more sinister element lurking in the city’s air, 
water, and food: mercury. 

Endowed with a unique ability to extract 
gold from low-grade ore, mercury remains 
the method of choice for artisanal gold miners 
working near La Rinconada and elsewhere in 
Latin America, Asia, and Africa. Often very 
poor, these miners work alone or in small 
groups, using mercury to separate and bind 
flecks of gold from soupy slurries of water and 
sediment. They are outlaws in many countries, 
eking out a living on the margins of the formal 
economy. And yet this diffuse industry is now 
the world’s largest mercury polluter, pumping 
more mercury into the environment than all the 
world’s coal-fired power plants combined. The 
mining operations typically leave a trail of 
mercury waste, putting as many as 100 mil- 
lion people at risk of poisoning. 

“If you’re going to do something about 
mercury pollution, you have to do some- 
thing about small-scale mining,” says Susan 
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Egan Keane, a senior environmental analyst 
at the Natural Resources Defense Council 
(NRDC) in Washington, D.C. She helped 
governments craft language in the Minamata 
Convention on Mercury that commits sign- 
ers to reducing or eliminating mercury use 
in artisanal mining. 


<n : xe 
High risk. An artisanal miner in Peru mixes mercury 
into a barrel of ore and water. 


Achieving that goal will not be easy, with 
gold prices soaring and as many as 15 million 
miners using an estimated 1600 metric tons 
of the metal in 2012 alone. Weaning them 
off mercury will require a blend of economic 
incentives and practical new technologies, 
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Exposed. Artisanal miners use mercury to trap flecks 
of gold, then burn off the toxic metal. 


and it could be years before a majority of min- 
ers are convinced to adopt them. 

It is “an extremely daunting problem,” 
says Luis Fernandez, an ecologist and expert 
in artisanal gold mining at the Carnegie Insti- 
tution for Science in Stanford, California. And 
the stakes are high: “Once areas are contami- 
nated, they are contaminated for a long time.” 


Why mercury? 

Add a palmful of mercury to a slurry of 
ore and “it serves almost like a sponge,” 
Fernandez says. It soaks up gold that’s too dif- 
fuse to pan, forming a heavy ball of puttylike 
amalgam that’s easy to pluck out (see graphic, 
p. 1449). Miners and traders then burn off 
the mercury, often in an open flame, leaving 
just the gold. 

The process creates ample opportunity 
for pollution—and exposure. Miners sim- 
ply dump the mercury-infused slurry, which 
contaminates rivers. Bacteria in the sedi- 
ments help transform the inorganic mer- 
cury to organic methylmercury, which can 
be absorbed by phytoplankton and accumu- 
late in fish and other creatures higher on the 
food chain. People who eat contaminated fish 
are at risk of neurological damage, autoim- 
mune disease, and devastating birth defects. 
In a new study, Fernandez found that people 
in the Peruvian state of Madre de Dios, home 
to much of the country’s artisanal gold min- 
ing, have mercury levels in hair averaging 
3 parts per million, triple the maximum limit 
recommended by the U.S. Environmental 
Protection Agency. “For the most part, these 
are people who are not miners. These are 
people who eat fish,” Fernandez says. Levels 
are even higher—more than 5 ppm—in the 
state’s indigenous communities, which rely 
on local fish for protein. 

In mining towns like La Rinconada, the 
threat is more direct: People are exposed 
every time they take a breath. As gold shops 
in the center of town burn the mercury-gold 
amalgams, mercury vapor wafts into crowded 
neighborhoods. “In effect, some of these little 
towns have the equivalent of four, five, 10, 20, 
coal-fired power plants in the center of them,” 
Fernandez says. Meanwhile, mercury lifted 
into the upper atmosphere can travel vast dis- 
tances before falling back to Earth and mak- 
ing its way into the global food web. 


Data dearth 

Documenting exactly how much mercury 
miners are using—and exactly how it is affect- 
ing people—has been a challenge. Artisanal 
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Miners mix together earth, 
water, and liquid mercury. The 
mercury bonds with the gold to 
create a heavy ball of amalgam. 


gold mining often takes place in remote areas, 
and miners can be wary of scientists, whose 
findings could threaten their livelihoods. 
“We’ve been chased out of towns when we’ve 
tried to do surveys or a give a talk,” Fernandez 
says. Still, researchers are making progress. 
The United Nations more than doubled its 
estimate of mercury emissions from artisanal 
mining between 2008 and 2013, “mostly due 
to better reporting,” says Kevin Telmer, execu- 
tive director of the Artisanal Gold Council in 
Victoria, Canada, which works to reduce mer- 
cury use in small-scale mining. 

The United Nations may not have the 
whole picture, however. “The more you look, 
the more you find,” says NRDC’s Keane. A 
2011 study of the air quality in and around 
La Rinconada’s some 250 gold shops, for 
instance, concluded that they could be emit- 
ting 20 metric tons of mercury per year. That’s 
nearly one-third of Peru’s reported annual 
emissions, suggesting that the official tally is 
a severe underestimate. 

Information on the health effects of arti- 
sanal mining is also scarce, because of the 
challenge of doing long-term studies in poor, 
remote, and sometimes hostile communi- 
ties. When Daniel Peplow, an environmental 
toxicologist at the University of Washing- 
ton, Seattle, was working with at-risk indig- 
enous communities in Suriname, he recalls 
that community leaders said: “We’re really 
tired of you people, you scientists, coming 
here, studying us, taking away information, 
and not coming back. We’re not benefiting 
from your research.” In response, Peplow 
founded the Suriname Indigenous Health 
Fund, which helps indigenous communi- 
ties direct their own research on mercury’s 
impact. Often, he says, they request screen- 
ing programs to determine who has been 
exposed, as well as long-term monitoring 
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Miners discard contaminated 
slurry, often directly into 
waterways where mercury 
accumulates in fish. 


to reveal whether efforts to reduce mercury 
exposure are improving health. 

Many observers, however, say the world 
already knows enough to take action. 
“There’s ample information already avail- 
able that shows that the people in small-scale 
mining communities are exposed to mer- 
cury, which is a well-characterized neuro- 
toxin,” Keane argues. The real issue is find- 
ing workable ways of getting mercury out of 
the global gold trade. 

Simply banning artisanal mining—or 
mercury—isn’t a realistic option, specialists 
have concluded. “Making [artisanal mining] 
illegal hasn’t worked,” Keane says. It only 
demonizes miners and drives their activ- 
ity further underground, cutting off the very 
resources they need to improve their prac- 
tices: education, training, and credit. “You 
cannot deal with someone who officially 
doesn’t exist,” says Jacopo Seccatore, a doc- 
toral student in mining engineering at the 
University of Sao Paulo in Brazil. 

The only winning strategy, Seccatore 
says, iS creating economic incentives to 
reduce mercury use. “It’s all a matter of 
efficiency. If [miners] get more gold from 
their ore than they do right now, they will 
shift immediately to mercury-free tech- 
nologies.” Indeed, mercury amalgamation 
often “wastes” more gold than alternative 
methods, some of which are as simple as 
running slurry through a box lined with a 
hairy piece of gold-trapping carpet. 

The problem, Seccatore says, is that 
switching to new techniques requires upfront 
resources that most miners don’t have. “They 
don’t have the structure, they don’t have the 
knowledge, and they don’t have the money to 
give up mercury for some safer technology.” 
Plugging those gaps will require transform- 
ing artisanal mining into a more formalized 
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Miners take the amalgam to a 
gold shop, where the mercury 
is burned off. Vapors enter the 
atmosphere. Shops are often 

located in the center of town. 
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Once the gold enters the 
global financial system, 
there’s no way to track it back 
to its source. 


industry, argues Marcello Veiga, Seccatore’s 
mentor and a mining engineer at the Uni- 
versity of British Columbia in Vancouver, 
Canada. To that end, Veiga and Seccatore are 
working with the Ecuadorian government to 
establish the International Training Centre for 
Artisanal Miners (ITCAM) in Portovelo. By 
training miners to use environmentally sound 
techniques and attract investors with busi- 
ness plans, they hope to “turn every artisanal 
miner into a responsible, small-scale miner,” 
Seccatore says. 

Such economic strategies ring true with 
the gold council’s Telmer. “Health [and] envi- 
ronmental messages will fall on deaf ears 
and have for 30 years,” he says. And Latin 
America is an attractive place to try experi- 
ments like ITCAM, he adds, because many 
of the region’s miners are already organized 
into cooperatives, unlike in Africa and parts of 
Asia, where miners usually work alone. 

The Minamata Convention could also 
help create economic incentives for change. 
It calls for ending the primary mining of 
mercury within 15 years once 50 nations 
have ratified it, ultimately limiting supplies 
and likely raising prices. “Inevitably there 
will be a squeeze on mercury,” Telmer pre- 
dicts. That could help make alternative tech- 
niques more attractive to miners, and even 
encourage gold shops to capture, recycle, 
and resell mercury they now burn. 

Still, specialists fear that the convention 
may be too little, too late to erase gold’s toxic 
legacy. Ultimately, the agreement may “do 
a great job stemming the flow of mercury” 
from artisanal mining and other sources, 
Peplow says. But the vast quantities of mer- 
cury already dumped by artisanal mining will 
persist in ecosystems for hundreds of years, he 
notes, and “there’s no going back.” 

-LIZZIE WADE 
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L‘Aquila‘’s Aftershocks Shake Scientists 


| HAVE BEEN SENTENCED TO 6 YEARS OF IMPRISONMENT FOR FAILING TO GIVE ADEQUATE 
advance warning to the population of L Aquila, a city in the Abruzzo region of Italy, about 
the risk of the 6 April 2009 earthquake that led to 309 deaths. I have been found guilty 
despite illogical charges and accusations that set dangerous precedents for the future of the 
scientific process. 

The judge’s ruling claims that citizens of L Aquila would normally rush outside upon feel- 
ing an earth tremor, but that they did not in 2009 because a Major Risks Commission (CGR) 
meeting in L Aquila, one week beforehand, had given them a false sense of security. However, 
this meeting was run, not by the National Institute of Geophysics and Volcanology (INGV), 
but by an arm of the Prime Minister’s office: the Civil Protection Agency (CPA). An agreement 
between the INGV and the CPA states that the latter is exclusively responsible for communicat- 
ing any state of risk. The INGV has always scrupulously adhered to that regulation. As a former 
president of the INGV, I never spoke to the media about the seismic situation at L Aquila, and 
no relative of the victims suggested otherwise. 

Rather, the “proof” used by the public prosecutor was the CGR meeting minutes. At that 
meeting, I (and others) stated that Abruzzo, and particularly L Aquila, is one of the worst earth- 

quake zones in Italy. I then 
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to close certain schools and 
recommend a state of emer- 
gency be declared. 

At the CGR meeting, we 
also distributed the Seis- 
mic Hazard Map, made 
official in 2003 (1), which 
was largely the work of 
the INGV under my presi- 
dency. The map clearly 
shows Abruzzo as a haz- 
ardous zone. One of its 
goals was to inform admin- 
istrators of what action 
to take to reduce seismic 
risk in the areas they gov- 
erned. The maps were later 


Seismic Hazard Map distributed by the National Institute of 
Geophysics and Volcanology. 
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made available to the public prosecutor, who 
ignored them just as he ignored the testimony 
of Mayor Cialente. 

As further evidence of my guilt, the public 
prosecutor completely distorted the argument 
of one of my journal publications (2), effec- 
tively putting science itself on trial. In that 
1995 work, my colleagues and I highlighted 
the statistical importance of temporal “cluster- 
ing”: various strong earthquakes in a (geologi- 
cally) brief time span. We posited that the high 
probability rate calculated for the Aquilan ter- 
ritory is not statistically meaningful because it 
is based on three events that occurred between 
the 17th and 18th centuries—hardly a suffi- 
cient basis to describe what would happen in 
subsequent centuries. 

The public prosecutor’s superficial inter- 
pretation of scientific results to bolster his 
argument sets a grave precedent for not only 
seismology but many other disciplines as 
well. Science is constantly evolving; research 
proceeds by trial and—as knowledge 
grows—error. When I wrote the “indicted” 
work, I was addressing my worldwide peers 
and awaiting their verification, as must be the 
way of all modern scientific research. 

In publishing an official map, seismologists 
have done all they currently can to protect soci- 
ety from earthquakes. I can hardly be blamed 
for the poor quality of buildings or for people’s 
failure to conform to anti-seismic laws—these 
are the responsibilities of other authorities. The 
local CPA is responsible for accurate commu- 
nication of risk and effective management of 
emergency situations. I did not disseminate 
false or imprudent information. My question 
is: What could I do to avoid conviction? I sup- 
pose I should have foreseen the earthquake! 

ENZO BOSCHI 


University of Bologna, Bologna, 40126, Italy. E-mail: enzo. 
boschi@unibo.it 
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Low Marks for Education 


Funding Priorities 


ANYONE INVOLVED SUBSTANTIVELY IN SCI- 
ence education during the past five decades 
will see the irony in the decision by the Office 
and Management and Budget (OMB) to trim 
the federal government’s science, technol- 
ogy, engineering, and mathematics (STEM) 
programs on the grounds that many of them 
lack evaluation data on efficacy (“An invis- 
ible hand behind plan to realign U.S. science 
education,” J. Mervis, News Focus, 26 July, 
p. 338). Although federal funding often sup- 
ported formative evaluation (assessment in 
the pilot phase to improve the program itself) 
during the development of new curricula, it 
was virtually impossible to secure funding 
for summative evaluation (assessment of 
effectiveness after implementation) because 
of the costs and time frames involved. At 
the Biological Sciences Curriculum Study 
(1), where the value of summative evalu- 
ation always has been self-evident, we 
often lamented that the federal government 
funded a series of 90-meter dashes, support- 
ing development of new instructional mate- 
rials but not their evaluation. Funding from 
the Institute for Education Sciences for effi- 
cacy trials (2) that provide one type of sum- 
mative evaluation constitutes some prog- 
ress, but it is not enough. 

It is perverse for OMB to blame STEM 
projects for deficiencies that were inherent in 
the government’s funding priorities. Perhaps 
an evaluation of those priorities is in order. 

JOSEPH D. MCINERNEY 
Executive Vice President, American Society of Human 


Genetics, Bethesda, MD 20814, USA. E-mail: jmcinerney@ 
ashg.org 
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Bayes’ Confidence 


NEITHER THE PERSPECTIVE “BAYES’ THEO- 
rem in the 21st century” (B. Efron, 7 June, p. 
1177) nor the responding Letter “A statisti- 
cally significant future for Bayes’ rule” (R. 
van Hulst, 26 July, p. 343) refer to the mysti- 
cal flavor often associated with Bayes in their 
discussions of the theorem’s popularity. 

Bayes had a propensity to use names that 
suggest something more than what is directly 
being described. For example, “Bayes’ rule” 
is just conditional probability applied in a 
specialized context. The “controversial theo- 
rem” is nothing more than a formula for con- 
ditional probability. 
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Perhaps more disconcerting in Bayes is 
the term “objective prior” for the uninfor- 
mative priors used by Pierre-Simon Laplace. 
Such priors, of course, are just imagined; 
they are not in fact objective themselves, 
but rather aim to produce objective conclu- 
sions. Indeed, many of Laplace’s calculations 
of posterior probability using uninformative 
priors are numerically equal to frequentist 
calculations of confidence. 

van Hulst mentions that the life sci- 
ences need a “synthesis of multiple catego- 
ries of evidence.” Certainly Bayes provides 
a simple and accessible means of combin- 
ing different data results: Just multiply the 
likelihoods together. But this option is also 
available to the frequentist: Just combine 
the likelihoods and ignore what’s left. The 
typical frequentist, however, realizes that 
this method would lose information and is 
unwilling to make this tradeoff for simplic- 
ity. Thus, he would choose an exact confi- 
dence interval when available. 

Treating Bayes as a route to approxi- 
mate confidence could go a long way toward 
resolving the presence of two theories in sta- 
tistical inference. 

D. A. S. FRASER 
Department of Statistical Sciences, University of Toronto, 


Toronto, ON M5$3G3, Canada. E-mail: dfraser@utstat. 
toronto.edu 


Research Funders Should 
Take the Field 


WE SUPPORT EFFORTS TOWARD “LEVELING 
the playing field” (M. McNutt, Editorial, 26 
July, p. 317) in science, technology, engineer- 
ing, and mathematics (STEM) disciplines 
through organizations such as the Committee 
on Women in Science, Engineering, and 
Medicine (CWSEM). Targeting interven- 
tions at early career researchers is vital. 

The Wellcome Trust’s Basic Scientist 
Career Tracker (/) demonstrates the dispro- 
portionate number of women exiting aca- 
demia early in their careers. Although an 
academic research career brings rewards, it 
remains a risky long-term career choice (2), 
and as McNutt describes, childbearing years 
typically coincide with the time when a fac- 
ulty member needs to build a strong port 
folio and gain tenure, thereby securing a less 
risky future. 

Academia needs to attract and retain 
high-quality, highly trained researchers; 
research funders such as the Wellcome Trust 
can play an important role by following 
these steps: (1) Funders need to ensure that 
career awareness and mentorship are inte- 


Published by AAAS 


gral components of their training provision. 
(ii) Funders must ensure that their eligibility 
and/or funding guidelines do not discrimi- 
nate against certain researchers (for exam- 
ple, a bias in funding decisions toward grant 
applications that include a move between 
institutions may inadvertently discriminate 
against those with established local ties). (iii) 
Funders need to promote and develop oppor- 
tunities for researchers to use their funding 
flexibly, including options for career breaks, 
reentry fellowships, opportunities to work 
in posts other than as a principal investiga- 
tor, and part-time schedules. (iv) We need 
to expand the opportunities for female role 
models working across academia to tell their 
story; this should be a core component of 
training programs. 
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CORRECTIONS AND CLARIFICATIONS 


This Week in Science: “Pushy black hole” (6 September, 
p. 1041). The last line should be “possibly limiting star for- 
mation and galaxy growth” instead of “possibly contribut- 
ing to star formation and galaxy growth.” The HTML and 
PDF versions online have been corrected. 


Reports: “Pandoraviruses: Amoeba viruses with genomes 
up to 2.5 Mb reaching that of parasitic eukaryotes” by N. 
Philippe et al. (19 July, p. 281). In the first sentence of the 
legend to Fig. 1, the “(1)” and “(2)” should not have been 
italicized, as they refer to panels A1/A2 and B1/B2 and not 
to references 1 and 2. In the legend to Fig. 1E, the “a” and 
“b" labels should have been transposed. In addition, a ref- 
erence to panels B1 and B2 is now included. In the acknowl- 
edgments, the GenBank accession numbers were incorrectly 
listed. They should read KC977571 and KC977570 (not 
KC977471 and KC977470). Also, the financial support of 
the Provence-Céte-d’Azur Région was missing. The HTML 
and PDF versions online have been corrected. 


Letters to the Editor 


Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen- 
eral interest. Letters are not acknowledged upon 


receipt. Whether published in full or in part, Let- 
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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NEUROSCIENCE AND ART 


Where Lines Are Drawn 


Noah Hutton’ and Leah Kelly” 


his past summer three major U.S. 

| art institutions mounted concur- 

rent retrospectives of James Turrell. 

For decades, his work has forced us to ask 

questions about perception. Given recent 

advances in technology, it would be nice if 
neuroscience could provide more answers. 

Although many recent reports have trum- 
peted claimed implications of new findings 
from brain research, an opposing chorus of 
doubt is surging back [e.g., (J—3)]. The tar- 
get of such neuroskepticism has often been 
the frontier outposts of the discipline, where 
neuroscience pollinates other fields and 
spawns new monikers such as neuromarket- 
ing, neuroeconomics, and neuroaesthetics. 
At a time when the popularization of using 
neuroscience to explain everything from love 
to economics is stirring a backlash, a book 
about how the brain experiences art could 
play a critical role in establishing neuroaes- 
thetics as a subject worth taking seriously. 

In his preface to Experiencing Art: In 
the Brain of the Beholder, Arthur Shimam- 
ura writes that what follows is a “personal 
account of the ways we experience art.” One 
wonders whether we are being set up to hear 
a personal opinion, the voice of an expert, 
or something in between. Is Shimamura (a 
psychologist at the University of California, 
Berkeley) speaking to artists or to other sci- 
entists interested in art? He never establishes 
a firm footing in either direction, leaving one 
to wonder. 

The book reads like a walk through a 
museum with an author knowledgeable 
about neuroscience. Shimamura roughly 
organizes the tour by perceptual faculties: 
broad chapters on seeing, knowing, and feel- 
ing carry the reader through art history—lite 
tours of major movements, tapping specific 
works to aid discussions of basic perceptual 
science. He effectively and comprehensively 
summarizes the history of neuroaesthetics, 
illustrating his points using long-established, 
introductory-level psychology and cogni- 
tive science. It’s a familiar routine: most of 
the artworks discussed here have been pored 
over several times before by the heavy- 
weights of neuroaesthetics [e.g., (¢—6)]. As 
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a result, Experiencing Art treads in all too 
familiar territory. 

The chapters have seductive titles (e.g., 
“The Eye as Canvas, the Brain as Beholder’), 
but Shimamura approaches the 
art history and scientific dis- 
course within them with the 
sort of cross-disciplinary sur- 
face-skimming that only adds 
fuel to the fires of contemporary 
academic turf battles. Tangen- 
tial oversimplifications abound, 
which feel more amateur than 
authoritative: “Warhol’s point 
was to bring the familiar and 
mundane up to the echelon of high art. 
The fact that these artworks are valuable 
and prominently displayed in art museums 
shows that Warhol succeeded.” 

Shimamura paints a similarly oversim- 
plified picture of the brain using diagrams 
that, for a book about aesthetics, seem espe- 
cially oblique and confusing. He describes 
each region as doing its singular, modular 
task: “We engage the PPC [posterior parietal 
cortex] when we use our imagination, such 
as thinking about the future or reminiscing 
about a past experience.” The author neglects 
to point out how much we don’t yet know 
and how poor the resolution of the imag- 
ing technology he leans on for his descrip- 
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James Turrell’s Bridget’s Bardo (2009). 
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tions is. Nor does he point toward new lines 
of research ahead. The book’s content and 
Shimamura’s presentational tone lead us to 
believe that all the answers are known, neatly 
available in functional definitions symptom- 
atic of this functional magnetic resonance 
imaging—heavy era. 

Shimamura does propose an integrative 
model to describe the universal experience 
of art (I-SKE, for artist’s intention, then the 
beholder’s sensation, knowledge, and emo- 
tion). But it is still too simplis- 
tic; he needs to go further. How 
do knowledge, experience, 
emotion, and stimuli interact 
to create a response? For all 
its limitations, neuroscience is 
starting to tease these relation- 
ships apart. It isn’t clear why, 
for example, Shimamura omits 
Jesse Prinz’s recent studies on 
emotional responses to art- 
works (7) or Vittorio Gallese’s contributions 
to the field of embodied cognition (8) from 
his discussion while recapping classic cases 
such as H.M. and Phineas Gage. 

The current din of territorial squabbles 
among philosophers, scientists, artists, 
and art historians makes positive collabo- 
rations in neuroaesthetics and the respon- 
sible, useful crossing of disciplines all the 
harder to hear. For the critics, these frontier 
outposts of a doomed discipline signal the 
most irresponsible applications of science 
around today, with excessive reduction and 
intractable explanatory gaps as the chief 
concerns. As Noé wrote, “What is striking 
about neuroaesthetics is ... that it has failed 
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to produce interesting or surprising results 
about art” (2). 

One would have hoped, then, that Expe- 
riencing Art had presented its arguments in a 
sensitive manner, acknowledging the sharply 
critical climate it faces. Neuroaesthetics 
needs responsible advocates who can bring to 
light the contributions that scientific research 
undoubtedly has and will continue to bear for 
art theory and art history, and perhaps vice 
versa. In the meantime, let us be wary of the 
expense of bridges built where there is no 
new ground to be covered. 
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PSYCHOLOGY 
Rewriting Milgram 


Ruud Abma 


GG T he experiment requires that you 
continue, teacher.” It is August 
1961. While the “learner” in the 
next room is begging him to stop, the per- 
son filling the role of “teacher” is urged by a 
stern-looking scientist to keep testing and, if 
the answer is wrong, administering electric 
shocks. The teacher had been told that the 
experiment addressed the effect of punish- 
ment on learning, but in reality it was about 
obedience: with each wrong answer on the 
memory test, teachers were to increase the 
voltage. How far would people go? Far, it 
appeared: 65% of the teachers continued to 
the possibly deadly level of 450 volts. (In 
reality, of course, no shocks were given.) 
The experiment was one of a series car- 
ried out by Stanley Milgram, an ambitious 
young psychologist at Yale University, who 
presented the results as evidence that even 
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Misleading machine. Milgram and the simulated shock machine that 


he used in his experiments. 


ordinary American citizens could be pressed 
to torture fellow humans. The experiments 
brought Milgram to center stage in experi- 
mental psychology as well as the mass media: 
He seemed to offer an explanation for the obe- 
dience of Nazi officials such as Adolf Eich- 
mann. Moreover, he claimed 
to have captured a universal 
truth about human nature: in 
the face of authority, human 
conscience is frail. 

In Behind the Shock 
Machine, Gina Perry chal- 
lenges the received view of 
these experiments. After set- 
ting out to produce a story on 
the subjects who participated 
in Milgram’s study, Perry (an 
Australian psychologist and 
writer) discovers a disturbing reality behind 
the standard account of the experiments. Lis- 
tening to the audio tapes and studying the 
Milgram documents in Yale’s archives, she 
found that both the resistance and the dis- 
tress of the subjects were much greater than 
suggested by the cold figures Milgram pre- 
sented. Moreover, a substantial number of the 
780 participants did not receive an adequate 
debriefing, which means they went home not 
knowing what had really happened. 

The experiments, which were run between 
August 1961 and May 1962, comprised a 
variety of conditions, many of which did 
not produce the high levels of obedience 
that made it into the standard account. Their 
results depended crucially on the degree of 
pressure exerted on the subjects. Further- 
more, there were subjects who saw through 
the disguise of the experiments: They could 
simply not believe that a prestigious univer- 
sity such as Yale would allow its researchers 
to risk the lives of citizens, whereupon they 
concluded that the “teachers” were the real 
subjects—not the “learners.” This shift of 


by Gina Perry 


Published by AAAS 


Behind the Shock Machine 
The Untold Story of the 
Notorious Milgram 
Psychology Experiments 


New Press, New York, 2013. 
351 pp. $26.95. 
ISBN 9781595589217. 

Scribe, Brunswick, Victoria, 
Australia, 2012. 432 pp. AU$32.95. 
ISBN 9781921844553. 


perspective obviously low- 
ered the threshold for admin- 
istering shocks. 

Perry’s precise recon- 
struction of the 24 condi- 
tions also cast doubts on the 
methodological rigor of Mil- 
gram’s experiments. Rather 
than testing hypotheses, they 
were aimed at demonstrat- 
ing that anyone could be 
talked into torturing a fel- 
low citizen—a pedagogical 
lesson for all of us. Making 
them work this way took a 
lot of preparation, train- 
ing, and trial and error. Mil- 
gram’s students, Perry’s interviews revealed, 
saw him as a “genius” in the designing of the 
experiments, bringing “art to science.” 

Perry also considers what happened to 
the participants who took part in Milgram’s 
study: Did the experience change their lives? 
Were they traumatized by 
the experience or instead 
thankful for an increased 
self-knowledge? Follow- 
up interviews in 1962-63 
had shown a variety of 
responses—which belied 
the idea that this complex 
emotional situation could be 
reduced to a single outcome 
measure (i.e., the maximum 
voltage administered). Perry 
managed to track down a few 
participants. Her interviews with them fur- 
ther undermine Milgram’s carefully crafted 
renderings. Their varied personal interpreta- 
tions of what had been going on ranged from 
disbelief in the setup (“I’m not delivering 
shocks at all”) to anger and grief about the 
way they were deceived. 

Milgram usually advertised his results as 
“profound and disturbing truths of human 
nature.” Privately, however, he would 
acknowledge that his experiments were 
more successful as drama than as science: 
“Whether all of this ballyhoo points to sig- 
nificant science or merely effective the- 
ater is an open question. I am inclined to 
accept the latter interpretation.” The merit 
of Behind the Shock Machine is that Perry 
gives us a thorough look backstage and 
helps us understand the interpretations and 
emotions of the actors. Moreover, her ele- 
gant and well-written account teaches us 
that scientists are both investigators and sto- 
rytellers—and that in both capacities, they 
should be critically assessed. 
10.1126/science.1244504 
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Increasing Persistence of College 


Students in STEM 
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2012 report by the President’s Coun- 
Ae: of Advisors on Science and Tech- 

nology (PCAST) predicts that the 
U.S. workforce will suffer a deficit of one 
million college graduates in science, technol- 
ogy, engineering, and mathematics (STEM) 
over the next decade (/). The report calls for 
addressing the shortfall by increasing reten- 
tion of college students in STEM. But many 
academic leaders have not responded aggres- 
sively to workforce needs by implementing 
measures that increase retention. Some of 
this nonaction is likely due to lack of knowl- 
edge about proven retention strategies. 

Here, we introduce a “persistence frame- 
work” that integrates evidence from psychol- 
ogy and education research into a guide for 
launching and evaluating initiatives aimed 
at increasing persistence of interested col- 
lege students (2-5). We emphasize “persis- 
tence,” which focuses on student agency (6), 
rather than on the institutional perspective of 
“retention,” although the intended outcomes 
are the same. Most of the research we review 
was conducted in the United States, but the 
problem is not unique to one country, and the 
solutions are probably universal. 

Persistence of more top students would 
address the projected STEM workforce def- 
icit, while building a deeper, broader talent 
pool (/). Less than half of the three mil- 
lion students who enter U.S. colleges yearly 
intending to major ina STEM field persist in 
STEM until graduation (/). The exit rate is 
especially high for the so-called “underrep- 
resented majority,’ women, racial, and eth- 
nic minorities who are underrepresented in 
STEM majors but collectively make up 68% 
of college students in the United States (7). 
For example, African-American students 
who intend to major in STEM switch to a 
non-STEM field before graduation twice as 
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often as white students (8). Such stark statis- 
tics invite a hard look at research and prac- 
tice that bear on retention. 

The concept of persistence originates in 
social and cognitive psychology as one man- 
ifestation of motivation (6). In education, 
motivation is viewed as a driver of student 
engagement. Among the important con- 
structs underlying motivation is the powerful 
influence of confidence (i.e., self-efficacy), 
which is a requirement for persistence (9). 
Therefore, it is imperative that persistence 
efforts address motivation and confidence 
(see the figure). 

The framework identifies learning and 
professional identification as determinants 
of persistence. Research demonstrates their 
importance in predicting student behavior (2, 
4, 10), and both can be modulated by myriad 
interventions (7). Some of the most success- 
ful STEM retention initiatives pay careful 
attention to both elements (3). Moreover, 
both learning and professional identifica- 
tion increase confidence and, consequently, 
motivation, which in turn spur academic suc- 
cess and feeling like a scientist, thus creating 
mutually reinforcing experiences (see the 
figure). This contrasts with student reports 
of many current introductory STEM courses 
that obscure the subject, diminish students’ 
confidence, and discourage them from 
becoming scientists (7). Although the con- 
ceptual elements are well established, unify- 
ing them into a single persistence framework 
for guiding STEM education is new. 

Answering PCAST’s call to increase 
STEM student retention requires wide- 
spread attention. Departments and institu- 
tions also need flexibility in the approaches 
they take and a look at working examples 
they can model. Because the framework uni- 
fies principles that may be implicit in even 
the most successful programs, we highlight 
a few intensively studied ones with quantifi- 
able success (although many other success- 
ful models exist). 

For African-American students and other 
underrepresented groups, the University of 
Maryland—Baltimore County Meyerhoff 
Scholars Program has dramatically increased 
student achievement, retention, and graduate 
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An evidence-based framework offers a guide 
for efforts to increase student persistence 
in STEM majors. 


Persistence framework 


Early research 
Active learning 
rning communities 


Learn -——— ~—— Identify as 
-_-—— 


science ——_ lea __— a scientist 


The Persistence Framework. Confidence is belief 
in one’s own ability; motivation is intention to take 
action in pursuit of goals; learning is acquiring 
knowledge and skills; and professional identification 
is feeling like a scientist. 


study in STEM fields. Of their 508 STEM 
majors between 1993 and 2006, Meyerhoff 
boasts 86% retention in STEM (3), twice 
the nationwide average for all students and 
more than four times the average retention 
for African-American students. Other pro- 
grams such as the Biology Scholars Program 
at University of California, Berkeley (//), 
more broadly target gender, racial, and eth- 
nic groups. Another approach is the peer-led 
Gateway Science Workshops at Northwest- 
ern University (/2), which are open to all 
beginning STEM students. The Posse pro- 
grams that focus on urban-schooled science 
students (/), and the LA-STEM and Howard 
Hughes Medical Institute (HHMI) Research 
Scholars Programs at Louisiana State Uni- 
versity that focuses on promoting student 
diversity in STEM are other outstanding 
examples. 

Such successful programs commonly use 
three interventions widely recognized for 
inspiring STEM students: (i) early research 
experiences, (11) active learning in introduc- 
tory courses, and (iii) membership in STEM 
learning communities (see the figure). 

Early research experiences. Despite well- 
known benefits of research experience, most 
undergraduates are not offered research 
opportunities until late in college, after 
the critical period of attrition from STEM 
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majors (/3). Students who engage 
in research in the first 2 years of 
college are more likely to persist in 
STEM majors (/4). Research expe- 
rience is a powerful learning tool, 
engaging students and stimulating 
curiosity; and it naturally encour- 
ages professional identification 
because students are being scien- 
tists, not just studying products of 
other people’s science. 

The PCAST report recommends 
implementing research courses for 
all beginning undergraduates (/). 
Research courses provide students 
with the project ownership and intel- 
lectual challenges of empirical pur- 
suit. At the same time, these courses 
use teaching time and materials efficiently by 
having student teams work on parallel prob- 
lems that require similar techniques. 

In research courses, students engage in 
authentic research—they design experi- 
ments, collect and analyze data, and some- 
times make significant discoveries (15); 
thus, undergraduates in research courses 
experience the same dramatic gains in learn- 
ing and positive attitudes toward science as 
those who conduct research in faculty labo- 
ratories (10, 16). 

A variety of research courses have been 
implemented successfully at large and small 
institutions. Faculty who are understandably 
hesitant to accept inexperienced undergrad- 
uates into their research laboratories find 
research courses feasible and rewarding to 
teach. One is the multi-institutional HHMI— 
Science Education Alliance (SEA) PHAGES 
in which freshman discover new bacterio- 
phages from soil (/5). The University of 
Texas at Austin’s Freshman Research Initia- 
tive demonstrates that research courses can 
also be cost-effective on a large scale when 
they replace traditional introductory lab 
courses. In the Austin model, faculty provide 
projects, derived from their own research, as 
the basis for student research projects in lab 
sections of 20 to 30 students. 

Active learning in introductory courses. 
Many talented college students flee STEM 
majors because they find introductory 
courses uninspiring (7). This can be cor- 
rected by incorporating classroom teaching 
practices that engage students in the learning 
process, known as “active learning,” which 
has been shown to reduce STEM attrition 
(17). Active learning includes any activity 
in which every student must think, create, or 
solve a problem. For example, brief lectures 
interspersed with opportunities for students 
to reflect on or apply their own knowledge 
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PUTTING THE PERSISTENCE FRAMEWORK INTO ACTION 


(i) Faculty and instructional staff should teach undergraduate research 
courses, use active learning in introductory STEM courses, and encourage 
students to form learning communities; 


(ii) Students should be educated about the benefits of learning communities 
and supported to create their own; 


(iii) Departments should examine curricula and reward structures to 
incentivize effective teaching, and then align them to enable early research 
and active learning in introductory courses; 


(iv) Provosts, deans, and chairs should advocate for and dedicate resources 
to changing classroom practice by creating opportunities for instructors to 

learn new teaching techniques; 

(v) Public and private funding entities should apply the persistence 
framework to evaluation of new initiatives in STEM undergraduate 

education; and, 


(vi) Accreditation agencies should incorporate measurements of STEM 
persistence into their periodic institutional reviews. 


induces active engagement in large lec- 
ture courses (/8). Active learning improves 
understanding and retention of concepts and 
information (/), and it helps students identify 
as scientists because they participate in sci- 
entific thinking with peers who create a sci- 
entific community. 

Faculty are often reluctant to try active 
learning because of lack of experience, so it 
is essential to provide training. Opportunities 
exist at many universities, professional soci- 
eties, and in the National Academies Sum- 
mer Institutes on Undergraduate Science 
Education, a national program that trains 
instructors in evidence-based instructional 
methods (79). 

Membership in STEM learning commu- 
nities. Learning communities are typically 
virtual or physical structures that provide 
gathering places or events that enable stu- 
dents to work with and learn from each 
other (72). 

Forming learning communities often 
requires a small financial investment that 
produces substantial impacts on student 
achievement and persistence. Establishing 
learning communities can be as simple as 
ensuring that all students have access to a 
study group outside of class or providing an 
online environment where students can dis- 
cuss course content. Learning communities 
can be constructed in tutoring centers where 
students congregate by course or discipline, 
science clubs, or science-based residential 
communities (/2). All of these activities 
stimulate intellectual growth. Involvement 
with other students who are aspiring scien- 
tists also strengthens professional identity. 

To ensure inclusion of all students in 
learning communities, attention must be paid 
to being impartial. Students from groups typ- 
ically underrepresented in science are less 
likely to form study groups, may be unaware 
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of the academic benefits of group 
work outside of class, and confront 
unintentional biases that may make 
it challenging to break into estab- 
lished cliques (20). Instructors can 
reduce this tendency by confronting 
the issue in class and encouraging 
students to form and join inclusive 
groups. 

Proven interventions exist, so 
now it is time for all stakeholders 
to contribute to increasing student 
persistence in STEM majors (see 
table). The elements of the persis- 
tence framework are universal and 
can be tailored for any classroom. In 
the United States, a concerted effort 
to implement evidence-based strat- 
egies will pay off by advancing the goal of 
having sufficient STEM college graduates to 
meet projected workforce needs. 
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ENVIRONMENTAL SCIENCE 


Global Change and Mercury 


David P. Krabbenhoft' and Elsie M. Sunderland? 


ore than 140 nations recently 
agreed to a legally binding treaty 
on reductions in human uses and 


releases of mercury that will be signed in 
October of this year. This follows the 2011 
tule in the United States that for the first time 
regulates mercury emissions from electricity- 
generating utilities. Several decades of scien- 
tific research preceded these important regula- 
tions. However, the impacts of global change 
on environmental mercury concentrations and 
human exposures remain a major uncertainty 
affecting the potential effectiveness of regula- 
tory activities. 


Terrestrial 
ecosystems: 
increased emissions 
from wildfires 


| 


Geogenic emissions 


Anthropogenic emissions 
changes due to GDP, technology, 
energy sources 


recently replaced coal combustion as the larg- 
est anthropogenic mercury emission source 
globally (3). This often unrecognized industry 
employs at least 10 to 15 million people glob- 
ally and poses severe health risks to the min- 
ers due to inhalation of concentrated elemen- 
tal mercury during gold recovery (3). 

Most mercury released to the atmo- 
sphere is in the gaseous elemental (Hg°) 
form, which has a long atmospheric lifetime 
(6 to 12 months), allowing hemispheric-to- 
global mixing and transport before deposi- 
tion. Elemental mercury reacts with atmo- 
spheric oxidants such as bromine to form the 


Atmosphere: increased temperature, weaker global circulation 


Increased precipitation 
intensity, rising CO>, 
increased atmospheric 

I | Hg sequestration 


Increased 
respiration flux 


Soil organic 


carbon Hg reservoir 


How mercury cycles through the environment. Global change interacts 
directly and indirectly with mercury cycling. Numerous physical, chemical, and 


Mercury is naturally abundant in heavy- 
metal-rich geologic deposits and coal. Since 
antiquity, humans have intentionally (mining) 
and unintentionally (fossil-fuel combustion) 
liberated mercury from these stable long- 
lived reservoirs (7). Global mercury releases 
increased steeply during the 16th-century sil- 
ver production rush in Spanish America, and 
again during the late—-19th-century gold rush 
in North America (2). Over the past century, 
anthropogenic mercury releases have been 
dominated by atmospheric emissions from 
fossil-fuel combustion, particularly coal- 
fired power plants (2). Artisanal and small- 
scale gold mining in developing countries has 
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Enhanced runoff, erosive Hg flux 


highly water-soluble divalent mercury species 
(Hg") that is rapidly deposited to terrestrial 
and aquatic ecosystems. Some of this mer- 
cury is reduced back to Hg® and reemitted to 
the atmosphere; the remainder cycles through 
soils and the oceans over time scales ranging 
from decades to many centuries until it is rese- 
questered in the lithosphere (4). 

Sedimentary records of historical pollu- 
tion provide evidence of a three- to fivefold 
increase in global atmospheric concentra- 
tions since the mid-1800s (5). Assessments 
that account for releases since antiquity sug- 
gest that humans have increased background 
atmospheric concentrations and deposition by 
a factor of 7 to 10 worldwide (/, 4). Model- 
ing and observations also provide evidence of 
human-driven changes in seawater mercury 
concentrations (4, 6). A shift in global anthro- 
pogenic mercury releases from North Amer- 
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Mercury concentrations in the atmosphere and 
oceans are affected not only by anthropogenic 
emissions but also by climate and ecosystem 
change. 


ica and Europe to Asia in recent years can be 
linked to decadal-scale decreases in mercury 
concentrations in the Atlantic Ocean and con- 
trasting increases in the Pacific Ocean (6). 
Methylation of inorganic mercury in wet- 
lands, lakes, rivers, and seawater leads to the 
formation of methylmercury, a potent neuro- 
toxin. Methylmercury is the only species of 
mercury to become concentrated with each 
successive level in the food chain, reaching 
levels in predatory fish that are about a million 
times higher than in seawater (6, 7). Fish are 
the main methylmercury exposure source for 
most wildlife and humans. Experimental data 


. 


Marine fisheries: J j 
decline in predatory Increases in oceanic 
fish, switch to farmed Hg? evasion 
fish lower in CH3Hgt 


Polar ecosystems: 
humification, permafrost 
melt leading to greater 
seawater CH3Hgt 


Declining sea-ice cover 


Food-web bioaccumulation 


Marine ecosystems: growth of ocean oxygen 
minimum zones, changes in productivity may 
increase CH3Hg* production and bioaccumulation 


anthropogenic drivers will affect future mercury conditions in the atmosphere, 
terrestrial systems, and oceans. 


show that methylation of inorganic mercury 
responds proportionally to changes in mer- 
cury inputs (8), suggesting that reductions in 
human and wildlife exposures are achievable 
with declines in environmental releases over 
the long-term (6, 7). Epidemiological stud- 
ies show long-term neurocognitive deficits in 
children exposed to methylmercury and some 
evidence for impaired cardiovascular health in 
adults (9). 

Currently, human activities result in mer- 
cury emissions of ~2000 metric tons per year. 
Global anthropogenic emissions scenarios for 
2050 range from a best-case decrease from 
present levels to 800 metric tons per year 
(driven by mercury-specific control technol- 
ogy and co-benefits from climate mitigation 
strategies) to an increase to 3400 metric tons 
per year under a business-as-usual scenario 
(10, 11). Present-day human sources consti- 
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tute ~30% of atmospheric emissions each 
year, with the remainder attributed to terres- 
trial and oceanic emissions that originate from 
legacy anthropogenic and natural mercury 
sources (3). Terrestrial and oceanic mercury 
reservoirs will continue to grow and release 
more mercury under all but the most stringent 
emissions controls scenarios, meaning that 
aggressive emissions reductions are required 
to stabilize background concentrations in the 
atmosphere and global oceans (4). However, 
future emissions trajectories are highly uncer- 
tain and depend on changes both in the global 
economy and in technology penetration. 

Global biogeochemical cycling of mer- 
cury will also be affected by rapid climate 
change (see the figure). Weaker global circu- 
lation and elevated temperatures will affect 
atmospheric oxidation rates and patterns of 
deposition globally. Increased precipitation 
intensity and incidence of extreme storm 
events are likely to lead to increased mercury 
inputs to aquatic systems through direct depo- 
sition, runoff, and erosion. Terrestrial soils are 
the largest global mercury reservoirs (4) and 
atmospheric mercury sequestration will likely 
increase in areas where ecosystem primary 
productivity is stimulated by increases in pre- 
cipitation and elevated atmospheric CO, (/2). 

Furthermore, increases in the frequency, 
scale, and intensity of wildfires are likely to 
mobilize vast stores of mercury in terrestrial 
soils (4). Changes in ocean circulation, pro- 
ductivity, and growth of oxygen minimum 
zones will likely alter rates and patterns of 
methylmercury formation in seawater (6). In 
polar regions, higher temperatures and declin- 
ing sea ice could enhance oceanic mercury 
losses through elevated evasion of Hg°. How- 
ever, changes in primary productivity and 
species composition in Arctic ice-free waters 
have also been associated with an increase in 
biological mercury concentrations due to dif- 
ferences in feeding preferences (/3). Many 
studies have suggested that climate change 
will exacerbate methylmercury production 
and bioaccumulation in aquatic ecosystems, 
but improved understanding of impacts on 
global mercury biogeochemistry is necessary 
for anticipating future human and wildlife 
exposures and risks. 

Mercury cycling and bioaccumulation is 
also affected by other human-driven changes 
(see the figure). For example, increased ozone 
concentrations since preindustrial times are 
thought to have increased the residence time 
of mercury in the atmosphere by 66% through 
interactions with bromine (4). This change, 
coupled with greater emissions, has promoted 
an overall increase in the worldwide distri- 
bution and accumulation of anthropogenic 
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mercury. Widespread nutrient enrichment of 
coastal ecosystems is likely to increase meth- 
ylmercury formation in many ecosystems (6). 
Increasing consumption of lower—mercury 
containing fish from aquaculture (particu- 
larly in China) and fishing pressure that has 
decreased the size and trophic level of fish 
consumed in many regions, have partially off- 
set increases due to rising pollution levels. 
The links between environmental mer- 
cury cycling and major global change driv- 
ers (warming, hydrology, and emission con- 
trols) are reasonably understood. However, it 
remains challenging to forecast a future envi- 
ronment driven by multiple synergistic and 
antagonistic drivers operating simultaneously. 
New and rapidly developing scientific tools 
such as the application of high-resolution 
mass spectroscopy to fingerprint sources and 
key processes (/4) and genetic markers for the 
capacity to methylate mercury (/5) will help 
to improve understanding of the cycling and 
health impacts of environmental mercury. 
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A Coat of Many Functions 


Dmitry Shchukin' and Helmuth Méhwald? 


Smart coatings are designed to be sensitive to various external and internal stimuli, thereby 


enhancing the surface functionality of materials. 


he past decade has seen great interest 

in the development of smart materi- 

als with autonomic functionalities. 
Among them smart coatings have a special 
niche, filling the position at the interface 
between bulk solid substrate and liquid or 
gaseous external environment. This makes 
them uniquely well suited for such appli- 
cations as corrosion protection, detection 
and delivery of bioactive species, and anti- 
fouling. They can provide either autonomic 
response to fluctuations and variations of 
the coating integrity (disruption, melting) or 
stimulated response to changes in the exter- 
nal environment (magnetic or electromag- 
netic fields). The response action depends 
on the functionalities that the coatings attain 
during their preparation. The main chal- 
lenges are to introduce these improvements, 
maintain them through all manufacturing 
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steps and material life cycle, and use them 
efficiently when demanded. 

The development of smart coatings pos- 
sessing rapid or sustained feedback activ- 
ity in response to external impacts will be 
an enabling technology for the fabrication 
of high-tech products with multifunctional 
surfaces. In general, the coatings combine 
passive properties inherited from classical 
coating design (barrier, color, adhesion) and 
engineered active parts, which are sensitive 
to instant or gradual impacts occurring either 
in the coating matrix (pH changes, cracks) 
or in the environment surrounding the coat- 
ing (light, temperature, humidity). After 
exposure to certain impact(s), the active part 
of the smart coatings responds in order to 
restore the coating functionality, thus reduc- 
ing the negative effect of the impact on the 
coating (self-healing concept) or launching 
additional properties of the coating interface 
(bioactivity, detection). The coatings should 
also have several passive and active function- 
alities (e.g., antireflection, antifungal, anti- 
corrosion) exhibiting synergistic effects, thus 
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rendering the surface of any coated substrate 
functional and responsive. The key problem 
is to introduce multiple functions that sur- 
vive the coating manufacture, do not inter- 
act adversely, and preserve their function 
throughout the coating life cycle. 

There are several ways toward a smart and 
active coating. Besides other methods (vas- 
cular, based on tubular networks, or intrinsic, 
based on mobility of the components of the 
coating matrix) for design of the active com- 
ponents of smart coatings (/), incorporation 
of encapsulated active material in the coating 
matrix is the most promising technology (2, 
3). The high versatility of encapsulation tech- 
nologies, active agents, and shell components 
allows selection of the appropriate library of 
nanocontainers with the desired characteris- 
tics (size, sensitivity of the shell, compatibil- 
ity to the matrix), thereby isolating the prob- 
lems associated with each individual function 
(see the figure). 

The most sophisticated part of smart 
coatings is the development of nanocontain- 
ers with sensitive shells, high loading capac- 
ity, and good affinity for the coating matrix. 
The containers have to be robust, sensitive 
to external stimuli, and well dispersed in the 
coating. Being uniformly distributed in the 
coating, the nanocontainers keep the active 
material in a trapped state, avoiding undesir- 
able interaction between the active compo- 
nent and the matrix and spontaneous leak- 
age. Each of these parameters is essential 
for the active property of the smart coatings. 
The nanocontainer shell becomes sensitive 
as a result of the weak forces between the 
shell components during shell formation: 
electrostatic, pH-bonding, supramolecular, 
or hydrophobic forces in a layer-by-layer 
deposition of oppositely interacting spe- 
cies (polyelectrolytes, nanoparticles, bioma- 
terials) on the surface of the capsule scaf- 
fold (mesoporous oxide nanoparticle, oil 
core, polymer shell, etc.) (4). Strong forces 
such as covalent binding are not sensitive 
enough to react to weak external stimuli. 
The following triggers have been shown to 
be applicable for opening or closing of the 
container shell: local pH changes, temper- 
ature changes, electromagnetic irradiation, 
mechanical pressure (including ultrasonic 
treatment), humidity, electric (electrochemi- 
cal) potential, ionic strength, and dielectric 
permeability of the solvent. 

The simplest trigger for opening or clos- 
ing of the capsule shell is the pH shift in the 
local environment. Polyelectrolyte capsules, 
hydrogels, and emulsions with weak acidic 
or basic functional groups in the shell can 
be made sensitive, demonstrating reversible 
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Nanocontainer-based smart coatings. A fine dis- 
persion of nanocapsules lends active functionality to 
the coating matrix. Capsules can be loaded with var- 
ious active materials depending on the functional- 
ities required. The sensitivity of the capsule shell can 
be adjusted to different stimuli (e.g., pH changes 
or changes in the electrochemical potential, ) for 
opening and release of the encapsulated active 
material by nanoengineering of the shell compo- 
nents and structure. [Adapted from (2)] 


and/or irreversible changes of the shell per- 
meability in a wide pH range (5). For open- 
ing by electromagnetic irradiation, the cap- 
sule should have light-sensitive components 
in the shell: nanoparticles (6) for infrared or 
ultraviolet light, or dyes for visible light (7). 
Mechanical impact requires a certain level of 
rigidity or brittleness of the shell because an 
elastic shell can undergo deformation under 
pressure but not rupture (8); containers with 
diameters of <100 nm can survive reasonable 
mechanical force because they tend to escape 
from the force direction. 

The smart coating concept has provided 
effective anticorrosion self-healing coatings 
and bioactive coatings. Mesoporous nano- 
containers (SiO,, TiO;, CeO,) and halloysite 
nanotubes have been used in smart polymer 
and sol-gel coatings (9, /0). The outer surface 
of the inorganic containers was coated with 
pH-sensitive weak polyelectrolytes or other 
polymers to provide controlled release of the 
encapsulated inhibitor. The main advantage 
of the composite inorganic nanocontainers 
is their small size (typically <200 nm), mak- 
ing them compatible with thin coatings and 
not affecting mechanical and optical proper- 
ties of the coatings. The triggering mechanism 
of inhibitor release is local changes of the pH 
value caused by the corrosion process, which 
inturn cause the pH-sensitive polymer or poly- 
electrolyte shell to open the pores and release 
encapsulated inhibitor. The main drawback of 
such containers is the low loading capacity 
due to the inner mesoporous structure. Clay 
nanoparticles demonstrated release of encap- 
sulated inhibitors induced by ion-exchange 
mechanisms (//). Anionic inhibitor was elec- 
trostatically bound inside the clay nanoparti- 
cles and then exchanged to CI ions in sodium 
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chloride media. There are also several demon- 
strations of encapsulation of healing agents or 
biocides inside nanocontainers with oil inte- 
rior and polymer shell. Polyurethane micro- 
capsules containing hexamethylene diisocya- 
nate were manufactured via interfacial polym- 
erization of commercial methylene diphenyl] 
diisocyanate prepolymer and 1,4-butanediol 
in an oil-in-water emulsion (/2). Isocyanates 
are reactive with moisture and can be used as 
a catalyst-free healing agent. The crack was 
sealed and healed autonomously to retard the 
diffusion of salt ions and thus protect the sub- 
strate from the corrosion process. 

The demonstrated approaches for the fab- 
rication of smart coatings have been great 
developments for functional organic and 
composite nanocontainers able to encapsu- 
late active material and release it on demand. 
However, it remains a challenge to have all 
functions optimized that would allow the 
development of a universal approach that 
combines everything in the one process. Fur- 
ther transfer of these approaches to the tech- 
nology level will be dictated by the impact 
of industrial (technical, economic, and eco- 
logical) requirements on the coating. Much 
work still remains in gaining a better under- 
standing of the detailed mechanism of shell 
permeation and structure of the inner voids. 
The composition of all elements of the feed- 
back active system has to provide good phys- 
icochemical compatibility in terms of such 
properties as dispersibility and colloidal 
stability of initial fluid coating formulation, 
adhesion between containers and host matrix, 
and adhesion between matrix and substrate in 
the cured state. Demonstrating the approach 
with one type of coating with high economic 
impact, in addition to preserving raw mate- 
rial, will open routes to many other function- 
alities and applications. 
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Sources of Antimicrobial 


Resistance 


Mark E. J. Woolhouse and Melissa J. Ward 


he relentless rise in levels of anti- 
T microbial resistance is an unfolding 

global public health crisis (7). Resis- 
tance to frontline antimicrobials such as 
fluoroquinolones, third- and fourth-gener- 
ation cephalosporins, and carbapenems is 
a particular concern, as is multidrug resis- 
tance. The antimicrobial resistance problem 
is not confined to human medicine: Compa- 
rable quantities of antimicrobials are used in 
livestock production, and resistance is rife 
in that setting, too, even on organic farms 
that restrict drug usage (2). Such observa- 
tions have led to debate about whether anti- 
microbial resistance in farm animals is an 
important source of antimicrobial resistance 
in humans (3, 4). On page 1514 of this issue, 
Mather ef al. (5) shed light on this impor- 
tant question in the context of Salmonella 
Typhimurium DT 104 in humans and cattle 
in Scotland. 

Antimicrobial resistance can spread from 
food animals to humans through a number 
of routes (see the figure). Direct contact with 
livestock is an important route of exposure 
for agricultural workers, but the most likely 
sources of exposure for the general popula- 
tion are thought to be resistant bacteria in 
livestock-derived food products and animal 
waste, which is used as a fertilizer of crops 
and can contaminate water supplies. Yet, anti- 
microbials are used in very large quantities in 
the human population, and bacteria carrying 
resistance genes can spread directly within 
human populations or indirectly through sew- 
age contamination of food, water, or the wider 
environment. It is not clear how important the 
livestock-derived routes are compared with 
the human-derived routes. 

In the 1990s, there was a global epidemic 
of S. Typhimurium DT104. These bacteria 
are multidrug resistant and are regarded as 
zoonotic, circulating in the domestic cattle 
population and acquired by humans mainly 
by way of food products from cattle—appar- 
ently a clear example of the animal-derived 
route. Mather ef al. tested this idea for DT 104 
in Scotland. They conducted whole-genome 
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of food animals in the spread of antimicrobial 
resistance in humans. 


Environment 


Food 


SS 


Manure 


Pathways to antimicrobial resistance. Antimicrobial resistance may spread through multiple direct and 
indirect pathways to humans and food animals (arrows). The relative strength of these pathways will differ 
greatly not only for different bacteria and different kinds of resistance but also in different locations and 
environments. Mather et al.'s study contributes to the development of a quantitative understanding of this 


complex process. 


sequencing on more than 200 isolates col- 
lected by the Scottish Salmonella Reference 
Laboratory. The isolates were from both 
humans and livestock, collected over the 
same 20-year time period and from the same 
geographical region. Such well-structured 
samples are rare and valuable resources for 
epidemiological research. 

The genetic sequence data were analyzed 
using a state-of-the-art approach to elucidate 
the histories of DT104 in human and animal 
hosts. The results suggest that the human and 
livestock epidemics were largely indepen- 
dent, though with some jumps in both direc- 
tions between the two populations. These 
findings apply to the DT 104 bacterium itself, 
but antimicrobial resistance can move by hori- 
zontal transfer between bacteria. Mather ef al. 
therefore investigated the distribution of dif- 
ferent multidrug resistance profiles across the 
DT104 phylogeny. They found more than 30 
unique combinations of resistance to individ- 
ual antimicrobials. The diversity of antimicro- 
bial resistance profiles was at least as high in 


the human isolates as in the livestock isolates, 
and there was little relationship between indi- 
vidual profiles and the phylogeny of the bacte- 
ria or the origin of the isolates. 

Taken together, the results do not support 
the hypothesis that the human population of 
Scotland acquired all their diversity of mul- 
tidrug-resistant DT 104 directly or indirectly 
from Scottish livestock. So where did it come 
from? The source is likely to be different 
DT104s introduced from outside Scotland, 
particularly in imported food products, with 
some circulation of these introduced DT 104s 
in the human population. 

This expectation can, in principle, be 
tested in a similar study on a larger geo- 
graphic scale. However, as Mather ef al. point 
out, surveillance and isolate collection out- 
side Scotland have been too patchy to attempt 
this. This problem is not confined to DT104. 
The lack of good-quality surveillance data 
and of access to biological material interna- 
tionally limits further research on antimicro- 
bial resistance more widely, too. 
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An interesting corollary of Mather et al.’s 
results is that some of the genetic and anti- 
microbial resistance diversity of DT104 in 
Scottish livestock could have been derived 
from the human population, the opposite 
of naive expectation. Yet there is evidence 
that bacteria do spread from humans to 
animals. For example, it has been reported 
that one lineage of the human pathogen 
Staphylococcus aureus (ST5) spread from 
humans to poultry (6), and another (CC398) 
to pigs (7), and hundreds of other bacterial 
species are known to be shared between 
humans and livestock (8). Given that most 
antimicrobial resistance is encoded by 
mobile genetic elements that permit hori- 
zontal transfer between different species of 
bacteria, there is obvious potential for anti- 
microbial resistance to move quickly and 
easily in both directions. 

The development of antimicrobial resis- 
tance cannot be stopped. It is a natural and 


ancient phenomenon that originated inde- 
pendently of either modern medicine or 
industrialized agriculture (9) and is ubiqui- 
tous (/0). But can the spread of antimicro- 
bial resistance be slowed? Concerted action 
will be crucial. Antimicrobial resistance is 
not just a multidrug, multibug problem (3); 
it is a multihost, multicountry problem as 
well. The European Union has been press- 
ing its member states to tackle this issue for 
many years. This year, in response, the UK 
Department of Health has published a 5-year 
antimicrobial resistance action plan (4) that 
will target veterinarians and farmers as well 
as clinicians and their patients. 

This kind of integrated approach is very 
welcome. However, the epidemiology of 
antimicrobial resistance is complex (see the 
figure) and our understanding of it is largely 
qualitative (//), making it difficult to provide 
clear advice to policy-makers. We urgently 
need more comprehensive, rigorous, quanti- 


PERore VES 


tative studies such as that by Mather et al. to 
know where best to direct our efforts to deal 
with this pressing problem. 
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MATERIALS SCIENCE 


A New Route for Growing Large 


Grains in Metals 


Eric M. Taleff and Nicholas A. Pedrazas 


ost metallic materials consist of 
a network of small single crys- 
tals, or grains, connected by grain 


boundaries. This microstructure, which spans 
length scales from a few nanometers to hun- 
dreds of micrometers, controls many of the 
properties of the metal. Mechanical process- 
ing and thermal treatments can be used to 
alter this microstructure, but the evolution of 
grains during processing of a material is gov- 
erned by phenomena that are so complex (rel- 
ative to our present scientific understanding) 
that the outcome cannot be reliably predicted. 
On page 1500 of this issue, Omori ef al. (/) 
describe a wholly unexpected microstructure 
that arises from synergies among multiple 
phenomena. They created very large grains 
in a copper-based shape-memory alloy—a 
material that will spontaneously recover large 
strains upon a temperature change—by ther- 
mal cycling across temperatures that produce 
solid-state phase transformations. The subtle 
mechanisms that apparently act together at 
elevated temperature to produce this micro- 
structure include internal-stress plasticity 
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(2) and abnormal grain growth (3). This dis- 
covery has potential for technological appli- 
cations that depend on long service lives of 
shape-memory alloys. 

Particular grain structures are desired to 
achieve specific material properties. Fine 
grains are generally desired to increase yield 
strength (which usually will increase the load 
that the material can bear), but can also be use- 
ful for increasing fracture toughness (resis- 
tance to cracking) or enabling tremendous 
ductility at elevated temperatures through 
superplasticity (4). In shape-memory materi- 
als, incompatibility of deformation between 
grains undergoing the shape-memory trans- 
formation can lead to fracturing along grain 
boundaries and failure after just a few trans- 
formation cycles. This is one example of when 
extremely coarse grains, even single crystals, 
are desired. Service life may therefore be 
increased by eliminating the grain boundaries 
at which deformation incompatibilities might 
occur. Omori ef a/. created such a microstruc- 
ture in the copper-aluminum-manganese 
alloy Cu,, ,Al,,;Mn,,, through abnormal grain 
growth induced by thermal cycling, a unique 
discovery. This finding is just one example of 
how a better understanding of grain growth 
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Controlled thermal processing can create alloys 
with large crystalline grains that can lead to 
improvements in materials performance. 


phenomena can enable the engineering of 
material microstructures for specific appli- 
cations. Prediction, control, and design 
of microstructure is a linchpin of current 
efforts to implement integrated computa- 
tional materials engineering strategies in 
manufacturing (5, 6). 

Studies of grain growth have shown a 
natural division into normal and abnormal 
growth types (3). In normal grain growth, 
grain sizes increase uniformly throughout a 
material by the thermally activated migra- 
tion of grain boundaries. In abnormal grain 
growth, one or a few grains grow much faster 
than others. The mechanisms that cause 
abnormal grain growth are not well under- 
stood, and a further complication is that both 
grain growth types can occur under static 
and dynamic conditions (7). Most theories 
of grain growth have been developed for the 
static case, in which there is not substantial 
plastic deformation during growth. The phe- 
nomena observed by Omori et al. suggest a 
dynamic situation with concurrent plastic 
deformation generated by internal stresses. 
The observation of subgrains—partitions 
within grains produced by the dislocation 
structures generated during plastic deforma- 
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Abnormal grain 


2mm 


Abnormal grain growth. A large abnormal grain 
grew in a specimen of commercial-purity tantalum 
(scale bar is 2 mm). Dynamic abnormal grain growth 
occurred as its grain boundary moved to the right 
at velocity v when the crystal was heated to 1650°C 
and pulled along the horizontal direction at a con- 
stant true-strain rate of 3 x 10~° s+. This large abnor- 
mal grain consumed a large region of polycrystalline 
microstructure during straining and shows little ori- 
entation deviation (the image is a map of the relative 
orientation changes of the crystal axes within each 
grain). The remaining polycrystalline microstructure 
shows substantial orientation deviation because of a 
subgrain structure produced during straining. 


tion—verifies this dynamic nature. Abnormal 
grain growth under such dynamic conditions 
is perhaps the least studied and understood 
among grain growth phenomena, yet it pro- 
duces quite dramatic effects. 

The process of abnormal grain growth is 
illustrated in the figure, which presents an 
abnormal grain that was grown in commer- 
cial-purity tantalum during tensile straining 
at elevated temperature. The abnormal grain 
(left) grew into the polycrystalline microstruc- 
ture (right) by migration of its boundary at 
some average velocity v. The migration veloc- 
ity of the boundary is traditionally thought to 
be a product of the boundary mobility and the 
thermodynamic driving forces for boundary 
migration. The figure demonstrates two clas- 
sical driving forces (8). Boundary curvature 
drives the boundary of the abnormal grain 
toward its concave surface into the smaller 
grains. Reduction of stored strain energy 
also induces the boundary to migrate into the 
smaller grains containing subgrains that were 
produced during straining. 

However, questions remain concerning 
other potential driving forces. For exam- 
ple, there is evidence that applied stress can 
induce boundary migration (9) in bicrystals 
(0, 11) and thin films (72), but it is not clear 
whether stress-driven boundary migration is 
possible for abnormal grain growth in bulk 
polycrystalline microstructures where com- 
patibility among many grains is required 
(13). None of these mechanisms explain 
why abnormal grain growth proceeds under 
dynamic conditions when it would have stag- 
nated under static conditions, which is why 
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dynamic conditions most readily produce 
the largest abnormal grains (/4). It is pos- 
sible that dynamic conditions alter boundary 
mobility by affecting local boundary rough- 
ening (/5), but this avenue of investigation 
remains largely unexplored. 

The combined effect of internal-stress 
plasticity, subgrain generation, and abnor- 
mal grain growth observed by Omori et al. 
adds an exciting new layer to these unsolved 
mysteries and opens an unexplored path to 
designing new materials through the con- 
trol of abnormal grain growth. This discov- 
ery also raises new questions, in particular 
concerning the role of dynamic conditions 
in boundary mobility and driving forces for 
grain boundary migration. Past investiga- 
tions of grain growth phenomena were lim- 
ited by the absence of techniques for non- 
destructively characterizing grain structure 
in bulk specimens. However, new develop- 
ments such as near-field high-energy x-ray 
diffraction microscopy (/6) may soon enable 
direct tracking of the evolution of grain 
structure in bulk specimens. 
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IMMUNOLOGY 


Some Monocytes Got Rhythm 


David Druzd and Christoph Scheiermann 


Oscillation in the numbers of inflammatory monocytes in different organs depends on a circadian 


clock gene expressed by myeloid cells. 


he molecular mechanisms that con- 

trol leukocyte migration to sites of 

inflammation have been a major 
focus of immunologists over the past 25 
years. Recently, an additional dimension 
has been added to the physiological orches- 
tration of leukocyte trafficking: time. On 
page 1483 in this issue, Nguyen ef al. (/) 
describe a daily oscillation in monocytes 
present in different mouse tissues, in which 
there is an increase in number during the 
animal’s time of rest and a decrease dur- 
ing the mouse’s active phase. Moreover, this 
pattern of behavior is governed by a circa- 
dian gene in myeloid cells. This suggests 
that rhythms within this lineage control the 
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trafficking behavior of monocytes in the 
organism. 

Mouse monocytes are categorized as either 
“inflammatory” or “resident” on the basis of 
their migration to various tissues, the poten- 
tial to differentiate into macrophages and 
dendritic cells, and the expression of antigens 
such as Ly6C, chemokine receptor 2 (CCR2), 
and CX,C chemokine receptor 1 (CX;CR1) 
(2). Macrophages possess an autonomous cir- 
cadian clock—an intrinsic oscillation in their 
gene expression pattern over 24 hours (3, 4). 
In addition, the trafficking behavior of mono- 
cytes, neutrophils, and hematopoietic stem 
and progenitor cells (HSPCs) between blood 
and tissues oscillates in a rhythmic man- 
ner (5). Nguyen et al. show that only Ly6C™ 
“inflammatory” monocytes (those expressing 
a high amount of Ly6C), but not “resident” 
monocytes, exhibit a diurnal oscillation that 
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drives rhythmic migratory behavior (see the 
figure). The authors used genetic methods to 
deplete the circadian clock gene Bmal] in the 
myeloid lineage and observed that, remark- 
ably, the oscillations ceased. The myeloid 
population responsible for these effects has 
yet to be defined. These data are in line with 
recent findings about rhythms in neutrophil 
homing to the bone marrow. In the bone mar- 
row, neutrophils are engulfed at the end of 
their life span by macrophages, stimulating 
the hematopoietic stem cell niche to mobilize 
HSPCs into blood (6), a phenomenon that also 
occurs in a cyclical manner (7). When neutro- 
phil numbers in the circulation were altered 
by depletion or adoptive transfer, an effect on 
HSPC mobilization was observed; such mod- 
ulation of lymphocyte numbers had no effect. 
Thus, myeloid cells are not mere bystanders 
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in regulating their numbers, but can modu- 
late the hematopoietic stem cell niche. Circa- 
dian variations in immune responses can have 
dramatic effects, so it is important to under- 
stand how different subsets of the myeloid 
lineage interact rhythmically with each other. 
The expression of Toll-like receptor (TLR) 
9, which plays a fundamental role in patho- 
gen recognition, by splenic macrophages and 
B cells exhibits a circadian rhythm (8), and 
vaccination of animals in combination with a 
synthetic TLR9 adjuvant at the time of peak 
TLR9 expression enhanced the proliferative 
adaptive immune response weeks later com- 
pared to vaccination at the time of low TLR9 
expression. Accordingly, priming the immune 
response at the right time will likely be a key 
element in the optimization of vaccination 
strategies in the future. 
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“Inflammatory” Ly6C" monocytes in mice exhibit diurnal oscillations in their trafficking behavior 


that are controlled by the circadian gene Bmal1. At the beginning of the resting phase (daytime for a mouse), 
the circulating Ly6C" monocyte count is low as is infiltration into tissues. Expression of the proinflammatory 
cytokine CCl2 is not suppressed. Toward the animal's active phase (nighttime), the number of circulating 
Ly6C" monocytes increases as does their capacity to infiltrate tissues. At the peak of their immune sensitivity 
to infectious pathogens (toward the beginning of night, when the animal is active), the heterodimeric tran- 
scription factors CLOCK and BMAL1 bind to the promoter region of the Ccl2 gene and rhythmically decrease 
the production of this cytokine through epigenetic silencing of the locus by the methyltransferase EZH2. 
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A question that arises from recent studies 
concerns the purpose of oscillatory immune 
cell trafficking in blood and tissues. Does 
this happen in anticipation of an expected 
exposure to pathogen? To address the 
rhythms in inflammatory monocyte num- 
bers, Nguyen et al. used a model of systemic 
Listeria monocytogenes infection. Inocu- 
lation of mice at the time when systemic 
monocyte counts started to decrease— 
toward the beginning of the mouse’s active 
period—tesulted in reduced colony-forming 
unit content (the number of viable bacteria) 
in spleen and liver, indicating a correlation 
between inflammatory monocyte counts and 
protection against the bacterium. So why do 
mice fare worse and die earlier when chal- 
lenged with pathogens at times when the 
immune response is more sensitive (9)? 

The answer probably lies in the amount 
of pathogen that the organism encounters. 
Nguyen ef al. stimulated mice with different 
amounts of the bacterium toward the begin- 
ning of the mouse’s active period. Whereas the 
response to a lower dose resulted in reduced 
bacterial burden at this time of higher mono- 
cyte sensitivity to infection, treatment with 
a high dose at the same time increased mor- 
tality of the infected animals. Because the 
amount of viable bacteria recovered from 
organs was the same in both cases, the host’s 
immune response was responsible for the dif- 
ference in survival. Thus, there appears to be 
a threshold at which the immune response 
overreacts, with ensuing life-threatening sys- 
temic inflammation or septic shock as a con- 
sequence. This suggests that the higher sensi- 
tivity of immune cells to pathogens at certain 
times developed to counter enhanced physio- 
logical antigen exposure, which is potentially 
more likely during the mouse’s activity phase. 
Thus far, this hypothesis lacks experimen- 
tal proof in mammals. However, for the plant 
Arabidopsis thaliana, naturally occurring 
cyclical encounter of antigen from the para- 
site Hyaloperonospora arabidopsidis drives 
rhythmic defense mechanisms (/0). This sug- 
gests that in host-pathogen interactions, the 
more mobile organism dictates the timing of 
the encounter and thereby drives the rhythm 
in the immune response of the other. 

A key observation of Nguyen ef al. is 
that BMAL1 in myeloid cells strongly sup- 
presses inflammation. The authors show 
that under steady-state conditions, BMAL1 
binds rhythmically to the promoter regions 
of Ccl2 and Ccl8, genes that encode proin- 
flammatory cytokines. Interestingly, how- 
ever, the effect is anti-inflammatory because 
BMALI recruits the histone methyltrans- 
ferase enhancer of zeste homolog 2 (EZH2) 
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to these genes, which results in epigenetic 
silencing of the loci. By contrast, in a lethal 
encounter with pathogen or when BMAL] is 
absent in the myeloid lineage, this inhibitory 
effect is ablated, resulting in increased sys- 
temic cytokine expression and dramatically 
reduced survival in response to infection with 
L. monocytogenes. Thus, rhythmic BMAL1 
repression of cytokines at peak sensitivity 
of the immune response is critical to down- 


modulate the inflammatory reaction. Further 
studies will be necessary to define the precise 
rhythmic sequence of the complex molecular 
events that mediate these effects. 
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MATERIALS SCIENCE 


Small Volumes Create 
Super(elastic) Effects 


Katherine T. Faber 


nyone who has ever broken a favorite 

coffee cup knows that ceramic mate- 

rials do not accommodate strain well. 
Ceramic materials typically fail at strains 
(extensions) of less than 0.1%. On page 1505 
of this issue, Lai et al. (1) demonstrate a class 
of ceramics that can deform reversibly by 
more than 7%, rendering these solids “super- 
elastic.” To put this in context, at 7% strain, an 
aluminum can would crumple with no hope of 
recovery. When Lai ef a/. made small chem- 
ical changes to their ceramics, they found a 
memory effect, whereby the solid can be per- 
manently deformed, but upon heating reverts 
back to its original size and shape. 

Two requirements must be met to produce 
these effects in ceramics. First, the ceramic 
compound must undergo a diffusionless 
(martensitic) crystallographic phase transfor- 
mation induced by an applied stress or force. 
Martensitic transformations in ZrO,-based 
ceramics—the subject of Lai ef al.’s study— 
were recognized nearly 40 years ago (2). The 
tetragonal-to-monoclinic transformation in 
these solids is accompanied by changes in 
volume and shape, a necessary component 
for superelastic and shape-memory behavior. 
However, these changes produce volumetric 
and shear strains that can lead to microcrack- 
ing and unrecoverable damage (3, 4). 

The second requirement, which obviates 
the microcracking problem, is what high- 
lights the innovation in Lai et al.’s work. The 
sample volume must be reduced to provide a 
high ratio of surface area to volume, and the 
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reduced volume must incorporate only a small 
number of grains. Lai ef al. were able to meet 
this requirement with machined pillars of 
micrometer proportion. They suggest that the 
high surface area in these small oligocrystal- 
line (few-crystal) volumes provides a source 
of strain relaxation from the transformation- 
associated shear strains, preventing damage 
and allowing for complete reversibility. 
Depending on the composition of the 
ceramic, and thus the temperatures at which 
crystallographic transformations start and 


Tetragonal 


Tetragonal 


Temperature 


Superelastic and shape-memory ceramics may 
find application in high-temperature actuators 
and energy-harvesting devices. 


finish, these phase-transforming solids will 
function in the superelastic or shape-memory 
regime (see the figure). For example, ifa force 
is applied to a ZrO,-based material above its 
tetragonal transformation temperature, the 
material can be cycled along the green circuit 
between tetragonal and monoclinic structures. 
Energy is dissipated in the form of heat during 
the loading-unloading cycle; the size of the 
hysteresis provides a quantitative measure of 
heat expended in each cycle. The change from 
a superelastic solid to a shape-memory solid 
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Making ceramics remember. Schematic stress-strain responses of Lai et al.'s superelastic (green) and shape- 
memory (purple) oligocrystalline ZrO, ceramics, which undergo tetragonal-to-monoclinic transformations when 
stress is applied. The superelastic response is fully reversible, whereas the shape-memory solid requires heat to 


return to its tetragonal state. 
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can be achieved with relatively small changes 
in chemistry to permit operation between 
tetragonal and monoclinic transition tempera- 
tures. The shape-memory tetragonal solid fol- 
lows the purple circuit, transforming to the 
monoclinic structure under stress. The mono- 
clinic oligocrystal is retained upon removal of 
the load; the reverse transformation “memory 
effect” to the tetragonal crystal is only trig- 
gered upon heating. 

In the late 1980s, Reyes-Morel et al. 
(5) noted shape memory and superelastic- 
ity in CeO,-stabilized tetragonal ZrO, poly- 
crystals. However, during their shape-mem- 
ory experiments, microcracks developed at 
strains above 1%. Likewise, in superelastic 
cycling, the strain could not be fully recov- 
ered because of damage, and failure occurred 
after a half-dozen cycles. Wei et al. (6) made 
similar observations. The timing of Lai et al.’s 
work is fortuitous in that micropillars can now 
routinely be produced and tested (7, 8); fur- 
thermore, micro- and nanoelectromechanical 
devices have become commonplace and pro- 
vide an obvious platform for applications (9). 

Shape-memory properties and superelas- 
ticity in metal alloys, such as Ni-Ti, are well 
developed and are used in stents, orthodontics, 
and actuators. Shape-memory and superelas- 
tic ceramics now allow shape-memory appli- 
cations to be extended to high temperatures 


and corrosive environments. For ZrO,-based 
systems, transition temperatures approach 
1200°C, where high-temperature actuators 
such as gate valves and switches may be pos- 
sible. 

In the superelastic regime, these materials 
could be used in energy-harvesting devices. 
Lai et al. report average energy expended on 
cycling as great as 35 MJ m*. In contrast, 
ceramic piezoelectric BaTiO, with domain 
switching—derived superelasticity dissipates 
only 60 kJ m*—three orders of magnitude 
lower (0). Superelastic metals such as NiTi- 
HfPd expend energies during cycling com- 
parable to those of ZrO,-based materials, but 
over a more limited range of transformation 
temperatures (//). The work output of oligo- 
crystalline ceramics surpasses even that of 
mechanical systems (/). 

Lai et al.’s study is sure to bring renewed 
interest in martensitic phase-transforming 
ceramics for shape-memory and superelas- 
tic applications. Possible phase-transform- 
ing ceramic candidates for such studies (/2) 
include materials in the lanthanide series, 
which have substantial volume and shape 
changes, as well as some silicates. Funda- 
mental issues relating to crystallographic tex- 
ture and twinning and deformation of small 
transforming volumes are also likely to be 
the focus of future research. In composites at 
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small scales, shape-memory materials may 
provide self-healing capability (/3). 

Although little relief is expected for coffee 
cups, oligocrystalline ceramics that undergo 
stress-induced martensitic transformations 
show promise for making high-temperature 
shape-memory and superelastic applications 
viable. As such, they open new design space 
for shape-memory and energy-harvesting 
devices. 
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CELL BIOLOGY 


Stalemate in the Golgi Battle 


Brooke Morriswood and Graham Warren 


he Golgi—a series of flattened mem- 
| brane sacs (cisternae)—lies at the 
hub of a eukaryotic cell’s endomem- 
brane system. The routes taken by transiting 
cargo and the Golgi’s resident enzymes have 
been a matter of long-standing controversy. 
The two most popular models—stable cis- 
ternae versus cisternal maturation—have 
attracted support and criticism in almost 
equal measure (/). Two recent papers, aimed 
at providing a decisive answer for one of the 
models, instead offer conflicting interpreta- 
tions of similar data. 

For the stable cisternae model, Golgi cis- 
ternae are viewed as static structures con- 
taining resident enzymes that modify antero- 
grade-transiting cargo. Transport between cis- 
ternae is typically carried out by COPI vesi- 
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cles (COPI is the specific protein complex that 
coats these vesicles). Hence, cargo moves but 
the enzymes stay, though there will be some 
leakage that requires a salvage process should 
an enzyme stray beyond the cisterna(e) in 
which it works. This model does not, however, 
explain how algal scales or procollagen— 
both too large to fit within COPI vesicles— 
nonetheless efficiently traverse the Golgi. 
Conversely, the cisternal maturation model 
contends that Golgi cisternae are dynamic 
structures containing resident cargo, and form 
through the fusion of cargo-carrying COPII 
vesicles with retrograde COPI vesicles car- 
rying Golgi enzymes. The cisternae mature 
through loss of enzymes to earlier (cis) cis- 
ternae and acquisition of enzymes from later 
(trans) cisternae. Large cargo can readily be 
accommodated because the cisternae are 
remodeled around it. The process of cister- 
nal maturation has been directly observed 
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Asimilar approach to analyze protein 
trafficking arrives at two opposing models 
of movement through the cell's secretory 
pathway. 


for Golgi-resident proteins in the unstacked 
Golgi of budding yeast, although cargo has 
not yet been simultaneously imaged under the 
same conditions (2, 3). 

The inducible aggregation of reporter pro- 
teins offers a novel means of probing these 
processes, and the two recent studies have 
exploited this methodology to do so—but 
with opposing conclusions (4, 5). The method 
involves fusing a protein of interest to multiple 
copies of a spontaneously dimerizing module 
(the F,, domain) (6). Dimerization leads to the 
formation of aggregates that can be disassem- 
bled with a small-molecule ligand, permitting 
reversible and inducible control of the aggre- 
gation process (7). 

Lavieu et al. (4) used this method to study 
the behavior of membrane-bound secretory 
cargo. The authors added four copies of the 
module to the lumenal part of an integral 
membrane protein (CD8) so that it could form 
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Centers and rims. A similar approach for generating protein aggregates provides support for different mod- 
els of Golgi transport. (Left) Membrane-bound Golgi enzyme aggregates (“plaques”) localize to the centers 
of cisternae and progressively accumulate in the trans-Golgi, consistent with cisternal maturation. (Right) 
Membrane-bound cargo aggregates (“staples”) also localize to the centers of cisternae but do not move, con- 
sistent with stable cisternae. Soluble cargo aggregates move by rim progression. 


aggregates (called “staples”) that span the cis- 
ternal lumen. These aggregates were analyzed 
with temperature blocks to arrest them at dif- 
ferent points along the secretory pathway. 
When staples were induced in the cis-Golgi, 
they localized to cisternal centers and could 
no longer traffic to the trans-Golgi. When 
staples were induced and trans-Golgi exit 
blocked, the staples were found throughout 
the Golgi, indicating that once formed, staples 
cannot move. In marked contrast, large aggre- 
gates of soluble cargo (mimicked by adding 
the dimerization module to human growth 
hormone) did move, but localized to the cis- 
ternal rims. These results prompted a new 
model of intra-Golgi transport called “rim 
progression,” based on an earlier cisternal pro- 
genitor model (8). 

Rim progression holds that the centers 
of Golgi cisternae are static and that the 
rims carry cargo in the anterograde direc- 
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tion (see the figure). A caveat, however, is 
that such artificial linking of opposing cister- 
nal membrane creates an unnatural cargo for 
the Golgi. Therefore, it would be very infor- 
mative to exploit the observation of Lavieu 
et al. that the membranes of another organ- 
elle—the endoplasmic reticulum—can be 
artificially stacked when the dimerization 
modules are added to the cytoplasmic tails of 
reporter proteins (the tails face the cytoplasm 
and not the lumen of cisternae). If equiva- 
lent modules were used to stitch Golgi cister- 
nae to each other, would they too remain in 
place? Such a result would carry more weight 
because the stacking of Golgi cisternae is a 
well-characterized process (9). 

Rizzo et al. (5) studied the behavior of 
Golgi enzymes. Three copies of the dimer- 
ization module were added to the mem- 
brane-spanning domain (which contains 
the retention signal) of a cis/medial enzyme 
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(mannosidase I). In the absence of the small- 
molecule ligand, the enzyme aggregated to 
form “plaques” at the centers of cis-Golgi 
cisternae. Later, the plaques were found in 
trans-cisternae, implying that they were 
maturing. Subsequent addition of the small- 
molecule ligand led to redistribution of the 
enzyme from the centers to the rims of cis- 
ternae and then back to cis/medial cisternae, 
by way of retrograde vesicles and tubules. 
These observations are consistent with cis- 
ternal maturation. However, retrograde traf- 
fic of Golgi enzymes is also a feature of 
the stable cisternae model, because leaked 
enzymes must be salvaged. 

But why do membrane-bound aggregates 
of enzyme move through the Golgi, whereas 
membrane-bound aggregates of cargo do 
not? One possibility concerns the topology 
of the aggregates—staples span the cisternal 
lumen but plaques apparently do not. Why 
this disparity? It could arise from differ- 
ences in the number of dimerization modules 
(four for staples versus three for plaques); 
the topology of the reporter construct (type | 
versus type 2 orientation in the membrane); 
the size of the construct (50 versus >100 kD); 
or the expression level (high versus low). One 
could readily envision that the staples would 
be physically excluded from the dilated rims 
of cisternae, but perhaps the plaques are not 
and are trafficking by rim progression. This 
possibility, however, is directly contradicted 
by Rizzo et al.’s observation that the plaques 
localize to the centers, and not the rims, of 
the cisternae. 

Hence, we are left with a “central” 
dilemma: If both types of aggregate are in the 
same part of the Golgi, how can one move 
and the other stay behind? More experiments 
are clearly needed, the key being expression 
of both reporter proteins in the same cell. So 
long as they do not form intermingled aggre- 
gates, then one can ask whether they move dif- 
ferently. Maybe that answer will finally break 
the stalemate. 
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IBI* SERIES WINNER 


Students Propose Genetic 
Solutions to Societal Problems 


Sue Wick, Mark Decker, David Matthes, Robin Wright* 


ogy sequence for entering 

biological sciences majors 
at the University of Minne- 
sota, inquiry-based learning 
is woven throughout the class- 
room and laboratory. During 
the first semester lecture and 
discussion, students work in 
teams on a Genetic Engineer- 
ing Proposal in which they 
propose a gene-based solu- 
tion to a societal problem of 
their own choosing. Instruc- 
tors coach the teams through- 
out the semester on experi- 
mental design and resources, 
as well as on data analysis, 
presentation strategies, team 
work, and research ethics. On 
the basis of outcomes from the 
nearly 3000 students who have 
taken the course over the past 
6 years, the project has suc- 
ceeded in engaging students in 
the intellectual work of biolo- 
gists and the experience of sci- 
ence as creative inquiry. 

Our approach emphasizes 
both scientific teaching (/), 
an evidence-based approach 
to course design that applies 
principles of how people learn (2), and the 
importance of integrative biology courses 
(3). We also stress the higher-order skills in 
Bloom’s taxonomy of cognition: synthesis, 
evaluation, and creation (4). As in the Uni- 
versity of Oregon’s “Workshop Biology” (5), 
we encourage student creativity by enabling 
teams to choose their own project topics. 
Our course design acknowledges the evi- 
dence that team-based learning delivers high 
learning gains and facilitates development 
of important life skills (6). This team-based 
class structure supports the growth of col- 
laborative skills, including giving and receiv- 
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ing constructive feedback, and necessitates 
organization, initiative, and communication. 
As instructors, we are research mentors for 
teams and coaches for individuals. Moreover, 
with students in teams of nine working in a 
SCALE-UP (student-centered active learning 
environment for undergraduate programs) (7) 
classroom, we can ask students to accomplish 
collectively what would be beyond individual 
capabilities. 

The Genetic Engineering Proposal begins 
with each student in the team identifying a 
socially important issue for which genetic 
engineering could provide at least part of the 
solution, such as bioremediation of contam- 
inated soil by enhanced plants or microbes, 
improved nutritional value in crops or live- 
stock, or diagnosis and treatment of a disease. 
After literature searches, team discussions, 
and feedback from the faculty instructors, 
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The Genetic Engineering Proposal Project, 

an IBI prize-winning module, teaches biology 
students to devise innovative bioproducts or 
solutions to environmental or health problems. 


Ateam plans their project poster 
(top); team members at the 
poster presentations (bottom). 


the team settles on a topic that 
they will jointly pursue for 
the remainder of the semester 
(see the top photo). The team 
must then use primary sci- 
entific literature, databases, 
and, sometimes, interviews 
with expert researchers to cre- 
ate a compelling argument 
for the value of the proposed 
project, to develop an experi- 
mental protocol to achieve the 
end product, and to describe 
the broader implications of 
the project, including ethical 
issues. They must also com- 
plete a phylogenetic analysis 
of their gene of interest or the 
donor or recipient organisms 
to address potential method- 
ological problems, environ- 
mental impacts, or logical 
future studies. 

Students do not carry out 
the proposed experiments, 
which would typically take 
years to accomplish. How- 
ever, the proposal enables 
students to do the sophisticated intellectual 
work typical of biologists and explore how 
science relates to society. They innovate, 
collaborate, and communicate at a level that 
transforms their experience of introduc- 
tory biology and their relationships with 
one another and with their instructors. They 
apply what they are learning to solve real- 
world problems that are important to them 
and thus experience the relevance of biology 
concepts. Moreover, the project is inherently 
integrative, bringing course topics together 
with information that students locate them- 
selves. Expecting students to begin doing the 
intellectual work of a biologist inspires them 
and helps them understand early in their edu- 
cation what a biologist does. 

Students have tackled a range of socially 
important issues [see supplementary materi- 
als (SM)]. Even though some project themes 
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recur, each project is unique and each team’s 
path of inquiry varies. Many projects require 
students to propose methods not discussed in 
class or found in their textbook, such as use 
of retroviruses in gene therapy. 

As a result, instructors serve the role of 
project consultants who also encounter new 
areas of biology in the process. Thus, the 
instructors develop collegial relationships 
with students that demonstrate how biolo- 
gists work collaboratively in the face of the 
unknown. Those interactions make this proj- 
ect a highlight for the instructors as well as 
for the students. 

Throughout their work, students maintain 
intellectual property (IP) notebooks to record 
the team’s conceptual journey and to assure 
individual accountability. In addition, stu- 
dent evaluations of their own contributions 
and those of other team members are shared 
anonymously with the entire team (see SM). 
The initial formative feedback is used to help 
team members improve their performance 
during the semester, and the summative peer 
evaluation also factors into the individual 
project grade, as described below, decreasing 
problems with “free riders.” 

Consistent with the theme of help- 
ing students begin to engage in the profes- 
sional behaviors of biologists, the culminat- 
ing poster presentation is similar to those 
at professional meetings (see the bottom 
photo). The mood is both intense and cel- 
ebratory, with students discussing the pro- 
posals with rigor and teams enjoying a sense 
of tremendous accomplishment. Aside from 
the poster, the completed project includes 
additional team-created products (a writ- 
ten component, a bibliography, and a cri- 
tique of another team’s written proposal), as 
well as individual products (a reflection on 
the project and records of each individual’s 
contributions in the IP notebook; see SM). 
All components of the project are evalu- 
ated by means of detailed evaluation rubrics 
(see SM) that are provided to students at the 
beginning of the project. Each individual’s 
grade is subject to decreases based on the 
evidence provided in the IP notebooks and 
the final peer evaluation. 

Our class sections typically include about 
125 students, a number that would create an 
impossible consultation and/or grading bur- 
den for two instructors if students undertook 
projects individually. The grading workload 
is reduced to manageable levels because 
most feedback is given to 14 teams rather 
than to 125 individuals. In addition, we 
devote ~40% of class time to project work. 
Thus, students need to schedule only mini- 
mal outside-of-class meetings, and instruc- 
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tors can provide real-time feedback during 
class, in addition to evaluating written mate- 
rials outside of class. 

Because the focus is on student collabo- 
ration, problem-solving, and active involve- 
ment, this type of project is easily adaptable 
to other courses and institutions. For exam- 
ple, similar projects could be implemented 
in classes ranging from seminars to large- 
enrollment courses. Ideally, students would 
be in active learning classrooms with access 
to online resources, including databases and 
primary literature sources, but such access 
could be via computer labs, personal com- 
puters, or classroom-dedicated laptops. The 
total direct cost of the project is that of print- 
ing a poster for each team of nine. 

The evidence for project success is appar- 
ent in the quality of the products. We evalu- 
ate student work with rubrics that include 
scientific and effective communication cri- 
teria. Even with rigorous standards, average 
project grades are typically between a B+ and 
A-. Also, the ability of our students to ask 
significant questions and to propose logical 
solutions becomes vividly clear when we find 
industrial, academic, or federal labs pursuing 
projects similar to those proposed by our stu- 
dents. For example, a team in 2009 planned 
to genetically modify a patient’s cardiac stem 
cells to treat heart disease; a similar approach 
was published 2 years later. In 2008, a team 
proposed to express a squid reflectin gene in 
microorganisms to incorporate into a camou- 
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flage suit for military use; in 2012 a publica- 
tion on recombinant reflectin—based camou- 
flage materials appeared. Most important, in 
final course evaluations, students consistently 
rate the project as being of critical importance 
in achieving learning and development gains 
in key areas, including scientific reasoning 
and team work. 


References and Notes 

1. J. Handelsman, S. Miller, C. Pfund, Scientific Teaching 
(W. H. Freeman, New York, 2007). 

2. A.L. Brown, R. R. Cocking, in How People Learn, J. D. 
Bransford, Ed. (National Academy Press, Washington, DC, 
2000). 

3. National Research Council and NetLibrary, Inc., B/O 
2010: Transforming Undergraduate Education for Future 
Research Biologists (National Academy Press, Washing- 
ton, DC, 2003). 

4. L.W. Anderson, D. R. Krathwohl, Eds., A Taxonomy for 
Learning, Teaching, and Assessing: A Revision of Bloom’s 
Taxonomy of Educational Objectives (Longman, New 
York, 2005). 

5. D. Udovic, D. Morris, A. Dickman, J. Postlethwait, P. 
Wetherwax, Bioscience 52, 272-281 (2002). 

6. L.K. Michaelsen, A. B. Knight, L. D. Fink, Eds., Team- 
Based Learning: A Transformative Use of Small Groups 
(Praeger Publishers, Westport, CT, 2002). 

7. R.J. Beichner et al., in Research-Based Reform of Univer- 
sity Physics, E. F. Redish and P. J. Cooney, Eds. (American 
Association of Physics Teachers, College Park, MD, 2007), 
vol. 1, online. 


Acknowledgments: We extend our thanks to the thousands 
of students who have completed Biol 2002 for continuing to 
demonstrate how much a first-semester biology student can 
achieve when presented with high expectations. 


Supplementary Materials 
www.sciencemag.org/content/full/34 1/615 3/146 7/suppU/DC1 


10.1126/science.1230002 


SCIENCE www.sciencemag.org 


PHOTO CREDITS: S.W.: PATRICK O'LEARY; M.D.: PATRICIA FETTES; D.M. AND R.W.: TIM RUMMELHOFF 


CREDITS: (TOP) PHOTOGRAPH COURTESY OF CHRISTOPHER A. CULLIS; (BOTTOM): COLELLADIGITAL.COM 


AAASNEWS&NOTES 


EDUCATION 


National Effort Spurs Change in 
Biology Undergraduate Education 


“Student-centered teaching” practices such 
as real-world research experiences and 
team-based projects clearly help to keep 
undergraduate students more academically 
engaged, which may bolster their chances 
of completing a science-related degree. Yet, 
research presented at a Washington, D.C., 
conference co-hosted by AAAS confirmed 
that faculty in biology and other science- 
related fields lag behind their peers in pur- 
suing innovative, student-focused teaching 
methods. 

A survey of roughly 23,000 full-time 
undergraduate teaching faculty at 4-year 
colleges and universities has shown that fac- 
ulty in science, technology, engineering, and 
mathematics (STEM) fields leverage inclu- 
sive teaching methods less frequently than 
their non-STEM counterparts. The survey, 
directed by Sylvia Hurtado and colleagues 
with the Higher Education Research Insti- 
tute (HERI) at the University of California, 
Los Angeles, was presented at the 28 to 30 
August Vision & Change event, spearheaded 
by the National Science Foundation. 
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The good news is that biology fac- 
ulty are “far and away the most likely to 
involve undergraduates in their research,” 
said Lorelle L. Espinosa, a senior analyst 
with Abt Associates who spoke on behalf of 
Hurtado. But they must do more to see their 
students through to graduation. 

Only about one-third of aspiring bio- 
medical science students complete a bach- 
elor’s degree in the field within 6 years, 
Espinosa reported. Students—particu- 
larly high-achievers—tend to fare better on 
campuses where faculty have incorporated 
student-centered teaching practices, said 
Kevin Eagan, HERI’s assistant director for 
research. Faculty may be reluctant to recon- 
figure courses if campus leaders do not seem 
to value innovative teaching, he said. Others 
assume that student-centered teaching will 
not work for introductory courses, although 
research has debunked this myth. 

Improving U.S. biology undergraduate 
education will be a key to reducing “leak- 
age” in the STEM pipeline, others noted. 
From a pool of more than 4 million ninth- 
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Real-world research. The wild marama bean 
(Tylosema esculentum), a legume that could serve 
as a sustainable crop in subsistence regions, is col- 
lected by community workers for a research collab- 
oration between undergraduates at Case Western 
Reserve University and the University of Namibia. 
Biology Professor Christopher A. Cullis, who helps 
the students develop DNA markers for this under- 
utilized crop, said that undergraduate research 
projects should focus on practical problems so that 
students must interpret data, rather than merely 
looking for “correct” answers. 


graders in 2001, only 166,530 had earned 
STEM degrees by 2011, said Muquarrab 
Qureshi. “That translates into significant 
gaps for the U.S. Department of Agricul- 
ture,” said Qureshi, assistant director of the 
Institute of Youth, Family, and Community, 
National Institute of Food and Agriculture 
(NIFA). “We will have about 54,000 jobs 
to fill but only 29,000 students who would 
be able to fill those jobs” between 2010 and 
2015. 

Continuing national prosperity also will 
require a more uniformly well-educated 
population, said Mark Becker, president of 
Georgia State University. Currently, more 
than 80% of the most affluent Americans 
attain a college degree by age 26, compared 
with only about 8% of those in the bottom 
quartile of U.S. wealth distribution, Becker 
said. “It has been reported that in a decade 
our nation will need approximately 60% 
of young adults to be college-educated in 
order for this country to remain competitive 
with the rest of the world, and that as much 
as 85% of the new jobs in my metro region 
will require a bachelor’s degree or greater,” 
he added. “Right now, only about 30% of all 
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Americans have attained a bachelor’s degree 
or greater.” 

Positive changes are possible. At Georgia 
State, which has one of the largest popula- 
tions of low-income students in the nation, 
Becker reported that 53% of all students 
now complete a degree within 6 years, up 
from about 32% in 2003. Moreover, dispari- 
ties in degree-attainment rates across racial, 
ethnic, and economic lines have been elimi- 
nated. Beginning with a focused, externally 
reviewed strategic plan, the school collected 
data, conducted experiments, and scaled 
up the most effective efforts. For example, 
peer tutors were deployed to help at-risk 
students in “high DFW” courses—those in 
which more than a third of students received 
aD or an F, or withdrew. Georgia State also 
expanded freshman learning communi- 
ties, developed financial interventions, and 
implemented a centralized, data-driven aca- 
demic advisement system. 

Successful reform efforts require lead- 
ership support, and they should address all 
aspects of the learning environment—from 
the curriculum and teaching, to how class- 
rooms are configured, said James Collins, 
who is the Virginia M. Ullman Professor 
of Natural History and the Environment 
at Arizona State University: “You can’t 
fix one point on the continuum and expect 
the continuum to change.” If department 
chairs, deans, provosts, and presidents are 
not on board, however, Becker said that 
change can begin when small groups of 
faculty complete pilot projects: “Find the 
change leaders. Do the demonstrations. The 
carping, complaining, and questioning will 
subside once the data and results speak for 
themselves.” 

The Vision & Change conference (www. 
visionandchange.org) drew 350 attend- 
ees from 178 colleges and universities, 
said Yolanda George, deputy director of 
AAAS Education and Human Resources. 
The event was co-hosted by the NSF, NIFA, 
the Howard Hughes Medical Institute, and 
the National Institute of General Medical 
Sciences, which also support a national 
network of change-focused fellows (www. 
pulsecommunity.org). Carol Brewer, profes- 
sor emerita of biology, University of Mon- 
tana, and AAAS CEO Alan I. Leshner, exec- 
utive publisher of Science, co-chaired the 
Vision & Change advisory board. 

-Ginger Pinholster 
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Middle East Seeks to Build Science Capacity 


A new agreement between King Abdulaziz 
City for Science and Technology (KACST) 
and AAAS’s Research Competitiveness 
Program expands a 5-year-old collabora- 
tion that has helped KACST, Saudi Ara- 
bia’s national science agency, in its efforts 
“to leapfrog Saudi Arabia toward a knowl- 
edge-based society,” according to Ahmed 
M. Alabdulkader, Secretary General for the 
National Science, Technology and Innova- 
tion Plan (NSTIP) at KACST. 

The country is one of many across the 
Middle East and North Africa that aim to 
develop their scientific output and interna- 
tional collaboration, and are engaging with 
AAAS to meet some of their strategic goals. 
While Saudi Arabia and Kuwait have sought 
hands-on assistance with grant review and 
administration from the Research Compet- 
itiveness Program (RCP), others have par- 
ticipated in more wide-ranging discussions 
through a meeting series organized by the 
AAAS Center for Science, Technology and 
Security Policy (CSTSP). 

Since 2008, RCP has managed the peer 
review of thousands of research proposals 
submitted to the NSTIP. The analytic reports 
by AAAS are the next step in achieving “a 
high level of credibility and reliability of 
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the national R&D ecosystem,” said Alab- 
dulkader. The NSTIP focuses on bolstering 
national R&D in 15 technology areas, from 
medicine and health to advanced materials 
and space, with the goal of making Saudi 
Arabia a global research power by 2025. 

According to the new agreement, signed 
this year, AAAS will analyze the outcomes 
of the funded research projects under the 
NSTIP and the impact of the funds on 
achieving the country’s strategic R&D goals. 
Now that the submitted proposals have 
reached a critical mass, the agency wants to 
“make sure that the projects they are fund- 
ing are actually proceeding as expected, and 
that they are able to capture to some extent 
the great research and educational devel- 
opments that are bubbling up,” said Mark 
Milutinovich, director of the Research Com- 
petitiveness Program. 

Building national scientific capacity in 
this way, through everything from stream- 
lined grant-making to infrastructure and 
workforce development, is a significant goal 
for many countries in the Middle East and 
North Africa, according to an independent 
report released this month by CSTSP. 

The report details the discussions 
during a unique series of meetings, held 


SCIENCE www.sciencemag.org 


CREDIT: © FAHAD SHADEED/REUTERS/CORBIS 


AAASNEWS&NOTES 


Building a bright future. A field of solar panels 
at the King Abdulaziz City of Science and Technol- 
ogy, Al-Oyeynah Research Station, demonstrates 
Saudi Arabia's commitment to strengthening its 
national science and technology programs to 
address regional challenges and become a global 
research power by 2025. Advanced energy tech- 
nologies are one of 15 focus areas included in 
the country’s National Science, Technology and 
Innovation Plan. 


in Jordan, Kuwait, Tunisia, and the United 
Arab Emirates between 2010 and 2012, and 
a cooperative grant program, both facilitated 
by CSTSP. While the meetings focused on 
safety and security in practice and in inter- 
national collaborations in the biological 
sciences, scientific capacity emerged as a 
critical and related issue among the broad 
group of participants. Each meeting drew 
over 50 scientists, collectively representing 
14 countries in the Middle East and North 
Africa. 

Building this capacity and linking it to 
long-term national plans for science will 
aid countries in the region as they pursue a 
broad range of international collaborations 
as well, the meeting participants concluded. 
To explore some of these challenges further, 
the group has launched a BioScience Forum 
that will meet for the first time in 2014. 

As research communities in the Middle 
East work toward these goals, the Research 
Competitiveness Program is poised to 
deliver assistance tailored to a country or 
university’s specific needs. For instance, the 
program also works on a smaller scale with 
the Kuwait Foundation for the Advancement 
of Science, providing advice on grant man- 
agement and ways to create public-private 
partnerships for Kuwaiti researchers. 

Lessons learned from program clients 
closer to home have proved useful in inter- 
national scientific capacity building as well, 
Milutinovich noted. 

“A lot of the work we’ve done in the past 
years is tied to U.S. states that have limited 
resources, and need to think very strate- 
gically about how they can leverage their 
resources and how they can work collab- 
oratively to achieve their aims,” Milutinov- 
ich said. “So the implementation is going 
to change, depending on local cultures and 
the people involved, but the challenges are 
the same.” 

—Becky Ham 
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AAAS Annual Election: Preliminary Announcement 


The 2013 AAAS election of general and section officers is scheduled to begin in November. 
All members will receive a ballot for election of the president-elect, members of the Board of 
Directors, and members of the Committee on Nominations. Members registered in more than 
one section will receive ballots for elections for each section they are enrolled in. 

Candidates are listed below. Additional names may be placed in nomination for any office 
by petition submitted to the Chief Executive Officer no later than 18 October 2013. Petitions 
nominating candidates for president-elect, members of the Board, or members of the Com- 
mittee on Nominations must bear the signatures of at least 100 members of the association. 
Petitions nominating candidates for any section office must bear the signatures of at least 50 
members of the section. A petition to place an additional name in nomination for any office 
must be accompanied by the nominee’s curriculum vitae and statement of acceptance of 
nomination. Biographical information for the following candidates will be enclosed with the 


ballots sent to members. 
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Anthropology 
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Committee: Margaret C. Nelson, Arizona State 
Univ.; Dawnie Wolfe Steadman, Univ. of 
Tennessee, Knoxville 


Electorate Nominating Committee: Patricia 
M. Lambert, Utah State Univ.; Lisa J. Lucero, 
Univ. of Illinois at Urbana-Champaign; 
Lorena Madrigal, Univ. of South Florida; 
James J. McKenna, Univ. of Notre Dame 


Astronomy 

Chair Elect: Stefi Alison Baum, Rochester 
Institute of Technology; Lee Hartmann, 
Univ. of Michigan 
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Member-at-Large of the Section Committee: 
Jonathan |. Lunine, Cornell Univ.; Jean L. 
Turner, Univ. of California, Los Angeles 


Electorate Nominating Committee: 

Neil Gehrels, NASA/Univ. of Maryland; 
Keivan Guadalupe Stassun, Vanderbilt 
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of Oklahoma; Michael J. Prather, Univ. of 
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Member-at-Large of the Section Committee: 
Cora E. Randall, Univ. of Colorado Boulder; 
Soroosh Sorooshian, Univ. of California, 
Irvine 


Electorate Nominating Committee: 
Lance F. Bosart, Univ. at Albany/SUNY; 
Anthony J. Broccoli, Rutgers Univ.; 
Leo J. Donner, NOAA; James A. Yoder, 
Woods Hole Oceanographic Institution 


Council Delegate: David Halpern, Jet Propul- 
sion Laboratory; Richard D. Rosen, NOAA 


Biological Sciences 

Chair Elect: Steve Henikoff, Fred Hutchinson 
Cancer Research Center; James T. Kadonaga, 
Univ. of California, San Diego 


Member-at-Large of the Section Committee: 
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School of Medicine 
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Electorate Nominating Committee: Vicki L. 
Chandler, Gordon and Betty Moore Founda- 
tion; Claire M. Fraser, Univ. of Maryland School 
of Medicine; Robb Krumlauf, Stowers Institute 
for Medical Research; John T. Lis, Cornell Univ. 


Chemistry 
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Council Delegate: Timothy G. Bromage, 
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Education 
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Member-at-Large of the Section Committee: 
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Tamara Shapiro Ledley, TERC 


Electorate Nominating Committee: Margaret 
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OVERVIEW 


Analysis of Surface Materials 
by the Curiosity Mars Rover 


THE 6 AUGUST 2012 ARRIVAL OF THE CURIOSITY ROVER ON THE SURFACE 
of Mars delivered the most technically advanced geochemistry labo- 
ratory ever sent to the surface of another planet. Its 10 instruments 
(/)* were commissioned for operations and were tested on a diverse 
set of materials, including rocks, soils, and the atmosphere, during 
the first 100 martian days (sols) of the mission. The five articles pre- 
sented in full in the online edition of Science (www.sciencemag.org/ 
extra/curiosity), with abstracts in print (pp. 1476-1477), describe the 
mission’s initial results, in which Curiosity’s full laboratory capabil- 
ity was used. 

Curiosity was sent to explore a site located in Gale crater, where 
a broad diversity of materials was observed from orbit. Materials 
representing interactions with aqueous environments were targeted 
for study because of the emphasis on understanding habitable envi- 
ronments. In addition, the mission’s 
science objectives also include char- 
acterizing the geologic diversity of 
the landing site at all scales, including 
loose surface materials such as impact 
ejecta, soils, and windblown accumu- 
lations of fine sediments. In certain 
cases, such characterization may even 
provide constraints on the evolution 
of the planet as a whole. Two notable 
points along Curiosity’s initial 500-m 
traverse included Jake_M, a loose rock 
sitting on the plains, and Rocknest, an 
accumulation of windblown sand, silt, 
and dust that formed in the lee of some 
rocky outcrops. Sparse outcrops of lith- 
ified fluvial conglomerate were also 
encountered (2). 

As described by Stolper ef al., 
Jake_M was encountered ~282 m away 
from the landing site and is a dark, mac- 
roscopically homogeneous igneous rock representing a previously 
unknown martian magma type. In contrast to the relatively unfraction- 
ated Fe-rich and Al-poor tholeiitic basalts typical of martian igneous 
rocks, it is highly alkaline and fractionated. No other known martian 
rock is as compositionally similar to terrestrial igneous rocks; Jake_M 
compares very closely with an uncommon terrestrial rock type known 
as a mugearite, typically found on ocean islands and in rift zones. It 
probably originates from magmas generated by low degrees of par- 
tial melting at high pressure of possibly water-rich, chemically altered 
martian mantle that is different from the sources of other known mar- 
tian basalts. 

Over the first 100 sols of the mission, the ChemCam instrument 
returned >10,000 laser-induced breakdown spectra, helping to char- 
acterize surface material diversity. ChemCam’s laser acts effectively 
as a microprobe, distinguishing between fine soil grains and coarser 
~1-mm grains. Based on these data, Meslin et al. report that the coarse 
soil fraction contains felsic (Si- and Al-rich) grains, mimicking the 
composition of larger felsic rock fragments found during the traverse 
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Curiosity used its scoop to collect two samples of a small 
aeolian deposit. The deposit’s upper surface is armored by 
sand grains 0.5 to 1.5 mm in size. These coarse grains are 
coated with fine dust, giving the deposit an overall light 
brownish red color. Beneath the coarse sand crust is finer 
sand, dark brown in color. This Mars Hand Lens Imager 
image was acquired on sol 84. 


and showing that these larger components probably break apart to 
form part of the soil. In contrast, the fine-grained soil component is 
mafic, similar to soils observed by the Pathfinder and Mars Explora- 
tion Rover missions. 

Curiosity scooped, processed, and analyzed a small deposit of 
windblown sand/silt/dust at Rocknest that has similar morphology and 
bulk elemental composition to other aeolian deposits studied at other 
Mars landing sites. Based solely on analysis of CheMin x-ray diffrac- 
tion (XRD) data from Mars, calibrated with terrestrial standards, Bish 
et al. estimate the Rocknest deposit to be composed of ~71% crystal- 
line material of basaltic origin, in addition to ~29% x-ray—amorphous 
materials. In an independent approach, Blake et al. used Alpha Par- 
ticle X-ray Spectrometer data to constrain the bulk composition of the 
deposit and XRD data and phase stoichiometry to constrain the chem- 
istry of the crystalline component, 
with the difference being attributed 
to the amorphous component, result- 
ing in estimates of ~55% crystalline 
material of basaltic origin and ~45% 
x-ray—amorphous materials. The amor- 
phous component may contain nano- 
phase iron oxide similar to what was 
observed by earlier rovers. The similar- 
ity between basaltic soils observed at 
Rocknest and other Mars sites implies 
either global-scale mixing of basaltic 
material or similar regional-scale basal- 
tic source material or some combina- 
tion of both. No hydrated phases were 
detected. However, as shown by Leshin 
et al., pyrolysis of Rocknest fines using 
the Sample Analysis at Mars (SAM) 
instrument suite revealed volatile spe- 
cies, probably in the amorphous com- 
ponent, including H,O, SO,, CO,, and 
O,, in order of decreasing abundance. ChemCam measurements of 
these materials also revealed the presence of H. It is likely that H,O is 
contained in the amorphous component and CO, was liberated via the 
decomposition of Fe/Mg carbonates present below the XRD detection 
limit of 1 to 2%. Isotopic data from SAM indicate that this H,O, and 
possibly the CO,, were derived from the atmosphere. SAM analysis 
also revealed oxychloride compounds similar to those found by earlier 
missions, suggesting that their accumulation reflects global planetary 
processes. The evolution of CO, during pyrolysis and the observa- 
tion of simple chlorohydrocarbons during SAM gas chromatograph 
mass spectrometer analyses could be consistent with organic carbon 
derived from a terrestrial instrument background source, or a martian 
source, either exogenous or indigenous. — JOHN P. GROTZINGER 


Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, 
CA 91125, USA. 


*References may be found on page 1477 after the abstracts. 
10.1126/science.1244258 
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Curiosity at Gale Crater 


ABSTRACTS 


The Petrochemistry 
of Jake_M: A Martian 
Mugearite 


E. M. Stolper,* M. B. Baker, M. E. Newcombe, M. E. Schmidt, 

A. H. Treiman, A. Cousin, M. D. Dyar, M. R. Fisk, R. Gellert, P. L. King, 
L. Leshin, S. Maurice, S. M. McLennan, M. E. Minitti, G. Perrett, 

S. Rowland, V. Sautter, R. C. Wiens, MSL Science Teamt 


*Corresponding author. E-mail: ems@gps.caltech.edu 

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, 
CA 91125, USA. 

TMSL Science Team authors and affiliations are listed in the supplementary materials. 

The list of author affiliations is available in the full article online. 


“Jake_M,” the first rock analyzed by the Alpha 
Particle X-ray Spectrometer instrument on the 
Curiosity rover, differs substantially in chemi- 
cal composition from other known martian 
igneous rocks: It is alkaline (>15% norma- 
tive nepheline) and relatively fractionated. 
Jake_M is compositionally similar to terres- 
trial mugearites, a rock type typically found at 
ocean islands and continental rifts. By anal- 
ogy with these comparable terrestrial rocks, Jake_M could have been pro- 
duced by extensive fractional crystallization of a primary alkaline or transi- 
tional magma at elevated pressure, with or without elevated water contents. 
The discovery of Jake_M suggests that alkaline magmas may be more abun- 
dant on Mars than on Earth and that Curiosity could encounter even more 
fractionated alkaline rocks (for example, phonolites and trachytes). 


>> Read the full article at http://dx.doi.org/10.1126/science.1239463 


Soil Diversity and Hydration 
as Observed by ChemCam 
at Gale Crater, Mars 


P.-Y. Meslin,* O. Gasnault, O. Forni, S. Schroder, A. Cousin, G. Berger, 
S. M. Clegg, J. Lasue, S. Maurice, V. Sautter, S. Le Mouélic, R. C. Wiens, 
C. Fabre, W. Goetz, D. Bish, N. Mangold, B. Ehlmann, N. Lanza, 

A.-M. Harri, R. Anderson, E. Rampe, T. H. McConnochie, P. Pinet, 

D. Blaney, R. Léveillé, D. Archer, B. Barraclough, S. Bender, D. Blake, 
J. G. Blank, N. Bridges, B. C. Clark, L. DeFlores, D. Delapp, G. Dromart, 
M. D. Dyar, M. Fisk, B. Gondet, J. Grotzinger, K. Herkenhoff, J. Johnson, 
J.-L. Lacour, Y. Langevin, L. Leshin, E. Lewin, M. B. Madsen, 

N. Melikechi, A. Mezzacappa, M. A. Mischna, J. E. Moores, H. Newsom, 
A. Ollila, R. Perez, N. Renno, J.-B. Sirven, R. Tokar, M. de la Torre, 

L. d’Uston, D. Vaniman, A. Yingst, MSL Science Teamt 


*Corresponding author. E-mail: pmeslin@irap.omp.eu 
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The ChemCam instrument, which 
provides insight into martian soil 
chemistry at the submillimeter 
scale, identified two principal soil 
types along the Curiosity rover 
traverse: a fine-grained mafic 
type and a locally derived, coarse- 
grained felsic type. The mafic soil 
component is representative of 
widespread martian soils and is 
similar in composition to the mar- 
tian dust. It possesses a ubiquitous 
hydrogen signature in ChemCam 
spectra, corresponding to the hydration of the amorphous phases found 
in the soil by the CheMin instrument. This hydration likely accounts for an 
important fraction of the global hydration of the surface seen by previous 
orbital measurements. ChemCam analyses did not reveal any significant 
exchange of water vapor between the regolith and the atmosphere. These 
observations provide constraints on the nature of the amorphous phases 
and their hydration. 


>> Read the full article at http://dx.doi.org/10.1126/science.1238670 
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The Mars Science Laboratory rover Curiosity scooped samples of soil from 
the Rocknest aeolian bedform in Gale crater. Analysis of the soil with the 
Chemistry and Mineralogy (CheMin) x-ray diffraction (XRD) instrument 
revealed plagioclase (~An57), forsteritic olivine (~Fo62), augite, and 
pigeonite, with minor K-feldspar, magnetite, quartz, anhydrite, hematite, 
and ilmenite. The minor phases 
are present at, or near, detection 
limits. The soil also contains 27 
+ 14 weight percent x-ray amor- 
phous material, likely containing 
multiple Fe?*- and volatile-bearing 
phases, including possibly a sub- 
stance resembling hisingerite. The 
crystalline component is similar to 
the normative mineralogy of cer- 
tain basaltic rocks from Gusev cra- 
ter on Mars and of martian basaltic 
meteorites. The amorphous com- 
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ponent is similar to that found on Earth in places such as soils on the 
Mauna Kea volcano, Hawaii. 


>> Read the full article at http://dx.doi.org/10.1126/science.1238932 
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The Rocknest aeolian deposit is similar to aeolian features analyzed by 
the Mars Exploration Rovers (MERs) Spirit and Opportunity. The fraction 
of sand <150 micrometers in size contains ~55% crystalline material 
consistent with a basaltic heritage and ~45% x-ray amorphous material. 
The amorphous component of Rocknest is iron-rich and silicon-poor and 
is the host of the volatiles (water, oxygen, sulfur dioxide, carbon dioxide, 
and chlorine) detected by the Sample Analysis at Mars instrument and of 
the fine-grained nanophase oxide component first described from basaltic 
soils analyzed by MERs. The similarity between soils and aeolian materi- 
als analyzed at Gusev crater, Meridiani Planum, and Gale crater implies 
locally sourced, globally similar basaltic materials or globally and region- 
ally sourced basaltic components deposited locally at all three locations. 


>> Read the full article at http://dx.doi.org/10.1126/science.1239505 
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Samples from the Rocknest aeolian deposit were heated to ~835°C under 
helium flow and evolved gases analyzed by Curiosity’s Sample Analysis 
at Mars instrument suite. H,0, SO,, CO,, and O, were the major gases 
released. Water abundance (1.5 to 3 weight percent) and release tempera- 
ture suggest that H,O is bound within an amorphous component of the 
sample. Decomposition of fine-grained Fe or Mg carbonate is the likely 
source of much of the evolved CO,. Evolved O, is coincident with the release 
of Cl, suggesting that oxygen is produced from thermal decomposition of 
an oxychloride compound. Elevated 6D values are consistent with recent 
atmospheric exchange. Carbon isotopes indicate multiple carbon sources 
in the fines. Several simple organic compounds were detected, but they are 
not definitively martian in origin. 


>> Read the full article at http://dx.doi.org/10.1126/science.1238937 
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The Petrochemistry of Jake_M: 
A Martian Mugearite 
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“Jake_M,” the first rock analyzed by the Alpha Particle X-ray Spectrometer instrument on the 
Curiosity rover, differs substantially in chemical composition from other known martian igneous 
rocks: It is alkaline (>15% normative nepheline) and relatively fractionated. Jake_M is 
compositionally similar to terrestrial mugearites, a rock type typically found at ocean islands and 
continental rifts. By analogy with these comparable terrestrial rocks, Jake_M could have been 
produced by extensive fractional crystallization of a primary alkaline or transitional magma at 
elevated pressure, with or without elevated water contents. The discovery of Jake_M suggests that 
alkaline magmas may be more abundant on Mars than on Earth and that Curiosity could encounter 
even more fractionated alkaline rocks (for example, phonolites and trachytes). 


sion Laboratory engineer Jake Matijevic] 

was the first sample imaged with the Mars 
Hand Lens Imager (MAHLI) and analyzed with 
the Alpha Particle X-ray Spectrometer (APXS) 
on the Mars Science Laboratory (MSL) (J, 2). 
Although the rock is an isolated fragment lack- 
ing field context (encountered ~282 m from the 
Bradbury landing site and analyzed on sols 46 
and 47, where | sol is a martian day), its dark color 
and apparently fine-grained texture suggested, be- 
fore analysis, that it was a relatively homogeneous 
(on a millimeter-to-centimeter scale) igneous rock 
and thus an appropriate sample with which to ini- 
tiate the APXS analytical program and to analyze 
with ChemCam (3) using laser-induced breakdown 
spectroscopy (LIBS). Here, we report chemical analy- 
ses of JM and an interpretation of their meaning 
for its petrogenesis. 


R= “Jake _M” [(JM); named for Jet Propul- 


Results and Discussion 


Petrography 


Jake_M is roughly pyramidal in shape (~SO cm 
on each of its three base edges and ~50 cm tall) 
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(Fig. 1). The rock is dark gray and thinly coated 
by light-toned, reddish-brown dust. Its upper sur- 
faces have rounded hollows that are probably 
due to wind erosion and <1- to 3-mm pits that 
could be vesicles. The lowest ~2 cm of the rock 
has smoother surfaces that may reflect primary 
layering or the effects of wind erosion. Near- 
vertical fractures (~10 cm long) project upward 
from the base. Feldspar microphenocrysts have 
been tentatively identified in MAHLI images (4), 
but individual mineral grains could not other- 
wise be distinguished in optical images, perhaps 
due to the dust cover and/or polish by wind. Com- 
positional variations among the 14 individual 
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locations (see Fig. 1 and fig. S1) analyzed by 
LIBS using ChemCam show that the rock is het- 
erogeneous on a length scale of ~0.5 mm. The het- 
erogeneities observed by LIBS analyses suggest 
the presence of plagioclase (broadly consistent 
with oligoclase), Ca-rich pyroxene, olivine, and 
Fe-Ti-rich oxide(s) (3) (see also figs. S1 to S4). 


Bulk Composition and Classification 


The three APXS analyses (Table 1) were collected 
on two different spots; the listed uncertainties on 
the average [calculated after normalizing each anal- 
ysis to 100 weight % (wt %), excluding SO3, Cl, 
and trace elements] are due to variations between 
the three analyses that may partially reflect real 
differences between the two analyzed spots. The 
surface of JM was not brushed or abraded be- 
fore analysis [in the supplementary materials, we 
compare the JM analyses to both unbrushed (i.e., 
“as is”) and physically abraded rock surfaces 
analyzed by the Mars Exploration Rovers (MERs)]. 
The CIPW norms (5) (Table 1) are based on the 
average JM composition and were calculated using 
molar Fe*‘/(total Fe) ratios of 0 and 0.15. Although 
this range of Fe**/(total Fe) ratios brackets the 
ratios expected in basaltic melts at the estimated 
oxygen fugacity (02) values of basaltic shergottites 
[e.g., (6)], recent modeling suggests that mantle 
melting at higher fos may have occurred early 
in the planet’s history (7). However, even for a 
Fe*‘/(total Fe) value of 0.3, normative nepheline 
is still ~15 wt %. 

Based on either its calculated norm or inspec- 
tion of its major-element composition, JM has a 
basaltic composition, and it is probably an igneous 
rock (although we cannot tell whether it is from 
a lava flow, an intrusion, a pyroclastic flow, or a 


Fig. 1. Raw image of Jake_M taken by the left mast camera (mastcam) (identification number 
0046ML0212000000E1) with overlain images from MAHLI at 26.9-, 6.9-, and 4.4-cm offsets from 
the front of the lens. The MAHLI projection on the left was taken at 4.4 cm (identification number 
0047MHO0011002000E1). Shadowing by the turret reduced the contrast in the inset MAHLI images, 
causing color differences with the mastcam image. The solid red circles labeled JM1 and JM2 indicate the 
locations of the two APXS spots (1.7-cm diameter). ChemCam raster spots are represented by yellow open 
circles; actual spot sizes are ~0.45 mm. [Credit: NASA/Jet Propulsion Laboratory—Caltech/Malin Space 
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volcaniclastic sediment deposited after minimal 
fractionation or alteration of primary igneous 
materials). Moreover, with its ~16 to 17% nor- 
mative nepheline (Table 1) and its position on an 
alkali-silica diagram (Fig. 2), JM is an alkaline 
rock [with an alkalinity index (8) higher than 
other known martian rocks]. JM is also evolved 
(likely due to crystal fractionation) relative to 
most other known martian igneous rocks (Fig. 3): 
It has a low MgO content (4.4 wt %), albitic nor- 
mative plagioclase (oligoclase, ~Anjs), a molar 
Meg/(Mg+tFejctal) ratio of ~0.43, ~40 parts per mil- 
lion (ppm) Ni, and ~270 ppm Cr (Ni and Cr values 
are from the two long-duration analyses listed in 
Table 1). Based on its MgO content, JM is more 
fractionated than most other martian rocks—of the 
analyses plotted in Fig. 3, only the basaltic shergottite 
Los Angeles (9), the rocks Wishstone and Cham- 
pagne analyzed by the MERs (/0), and the two 
estimated soil-free Pathfinder rock compositions 
(11, 12) have similar or lower MgO contents. 
For terrestrial igneous rocks, chemical com- 
position is generally not the sole criterion for 
classification. For JM, we have no other infor- 
mation and although it plots slightly above the 
nominal mugearite field on the alkali-silica dia- 
gram (this field is shown as the blue polygon in 
Fig. 2), the composition of the normative plagio- 
clase (i.e., oligoclase; broadly consistent with 
the ChemCam results), the substantial normative 
nepheline and orthoclase, and the fact that it 
overlaps compositionally with many terrestrial 


rocks that have historically been called mugearites 
(Fig. 2B and fig. S5) lead us to classify JM as a 
mugearite (/3). Mugearites are well-defined and 
widely distributed, though relatively uncommon, in- 
termediate (i.e., fractionated) members of the ter- 
restrial alkali-olivine basalt, hawatite, mugearite, 
benmoreite, trachyte-phonolite magma series found 
in locations such as ocean islands and continental 
rifts (14-16). They generally contain normative 
nepheline, but nepheline as a phenocryst phase is 
relatively rare (/4), so the absence of a nepheline 
signature in the ChemCam results is not incon- 
sistent with JM’s normative composition. Although 
JM actually plots in the nominal phonotephrite 
field in Fig. 2, in other respects the compositional 
comparison of JM to terrestrial rocks that have 
been called phonotephrites is no better (and ar- 
guably worse) than to rocks called mugearites 
(figs. SS and S6). 


Comparison to Other Martian Igneous Rocks 


Although there is overlap in some oxide concen- 
trations, taken as a whole, the JM composition is 
distinct from all other known martian igneous 
rocks (Figs. 2 and 3). In particular, compared 
with JM’s Na,O and K;O contents of ~7 and 
~2.1 wt %, respectively (Table 1), all martian me- 
teorites and martian igneous rocks analyzed by 
Pathfinder and the MERs are considerably lower 
in sodium and potassium: The highest previous- 
ly analyzed Na,O contents are only ~4 to 5 wt % 
[Backstay, Humboldt Peak, Northwest Africa 


(NWA) 7034 meteorite, Wishstone, Champagne, 
and one of the estimated soil-free Pathfinder com- 
positions) (Fig. 3F), and the highest K,0 con- 
tents of relatively unaltered martian rocks (/7) 
are only ~1 wt % (Backstay, Humboldt Peak, 
Madeline English, and the soil-free Pathfinder 
compositions) (Fig. 3G). However, there is evidence 
from the nakhlite meteorites of K-rich martian 
liquids: (i) the presence of K-rich kaersutite in 
melt inclusions (/8), (11) highly fractionated glassy 
mesostasis in the nakhlites (79), and (ii) K-rich 
bulk melt-inclusion compositions (20). Most 
martian meteorites and analyzed martian igne- 
ous rocks have higher MgO and FeO* contents 
and lower Al,O3; contents than JM (Fig. 3, C and 
D) [see also (2/)]. Although there are exceptions 
for individual elements (e.g., the soil-free Path- 
finder compositions, Wishstone, Champagne, and 
Los Angeles for MgO; Backstay, Wishstone, Cham- 
pagne, and NWA 7034 for FeO*; and Wishstone 
and Champagne for Al,O3), no known martian 
rock overlaps JM in all three of these elements. 
The Ni (22 to 59 ppm) and Cr (~270 ppm) con- 
tents of JM are among the lowest values for an 
unbrushed rock surface found on Mars to date; 
moreover, because martian dust is typically en- 
riched in Ni by ~10 times the JM values (22), JM 
probably contains even lower Ni than is suggested 
by the APXS analyses. 

Although some Gusev samples are alkaline [i.e., 
they plot above the alkaline-subalkaline bound- 
ary curve in Fig. 2 (23) and have normative 


Table 1. Composition and CIPW norms of Jake_M. 1 and 2 after JM 
indicate the two locations analyzed on the rock (see Fig. 1); 2n indicates 
the nighttime analysis on spot 2. Values in parentheses for JM1, JM2, and 
JM2n are assessments of 20 uncertainty based on counting statistics and 
data reduction in terms of the least number of units cited [i.e., 50.7(6) = 
50.7 + 0.6]; for further details see (2). n.d., not detected; N/A, not applicable. 
The average represents the unweighted mean of the three compositions, 
each normalized to 100% excluding SO3, Cl, and trace elements; values 
in parentheses are the standard deviations. Norm, normative minerals in 
weight %. The column labeled “O Fe**” shows the calculated CIPW norm, as- 


suming that all Fe in the average bulk composition is Fe**; the column labeled 
“0.15 Fe**” shows the calculated CIPW norm, assuming Fe?*/(total Fe) = 0.15. 
Normative constituents: Pl, plagioclase (sum of normative anorthite and albite); 
Or, orthoclase; Ne, nepheline; Cpx, sum of normative diopside and hedenbergite; 
Ol, sum of normative forsterite and fayalite; Ilm, ilmenite; Mt, magnetite; Ap, 
apatite; Chr, chromite; %An, 100 x Ca/(Ca + Na)motar in the normative 
plagioclase; Mg# ol and Mg# cpx = 100 x Mg/(Mg + Fe)motar in normative 
olivine and high-Ca pyroxene, respectively; (Mg#)° = 100 x MgMg + 
Fe)motar Of the liquidus olivine calculated using an olivine-liquid Kp,c.2-mg 
[(FeO/MgO)°(FeO/MgO)"*"] of 0.34 (80, 81). 


Weight % JM1 ym2 JM2n Average Norm 0 Fe?* 0.15 Fe?* 
SiO, 50.7(6) 49.3(9) 48.9(5) 51.6(9) Pl 32.3 34.4 
TiO, 0.50(3) 0.65(6) 0.73(3) 0.65(12) Or 12.5 12.5 
Al,03 16.1(5) 14.6(7) 14.6(2) 15.7(9) Ne 17.4 16.2 
Cr203 0.03(1) 0.09(3) 0.04(1) 0.04(1) Cpx 20.0 19.8 
FeO 9.44(7) 10.61(11) 10.94(9) 10.8(8) ol 14.9 11.6 
MnO 0.14(1) 0.17(2) 0.21(1) 0.18(4) Ilm 1.2 1.2 
MgO 3.6(4) 4.6(7) 4.60(12) 4.4(6) Mt N/A 2.6 
CaO 6.09(7) 6.54(11) 6.78(8) 6.7(4) Ap 1.6 1.6 
Na20 7.1(3) 6.6(5) 5.59(14) 7.0(3) Chr 0.06 0.06 
K,0 2.22(4) 2.01(6) 1.89(3) 2.12(17) %An 15.2 14.2 
P20. 0.50(7) 0.60(12) 0.85(4) 0.68(19) Mg# ol 43.0 49.7 
SO; 2.46(9) 3.05(16) 2.81(8) N/A Mg# cpx 43.0 49.7 
cl 0.88(3) 1.03(5) 0.95(3) N/A (Mg#)°! 68.0 71.6 
Total 99.80 99.80 99.90 N/A N/A N/A N/A 
Ni (ppm) 22(17) n.d. 59(17) N/A N/A N/A N/A 
Zn (ppm) 216(13) 341(25) 318(15) N/A N/A N/A N/A 
Br (ppm) 88(8) 94(11) 107(7) N/A N/A N/A N/A 
Temp —3°C —2°C 55°C N/A N/A N/A N/A 
Duration 30 min 12 min 30 min N/A N/A N/A N/A 
1239463-2 27 SEPTEMBER 2013. VOL 341 SCIENCE www.sciencemag.org 


nepheline; e.g., Humboldt Peak] or transitional 
(i.e., they plot near the boundary curve and have 
only small amounts of either normative nepheline 
or hypersthene; e.g., Backstay, NWA 7034), no 
relatively unaltered samples are as alkali-rich 
relative to the alkaline-subalkaline boundary 
curve in Fig. 2 or as rich in normative nepheline 
as JM. Note that despite their positions in Fig. 2, 
Wishstone and Champagne are not nepheline- 
normative, due to their extremely high bulk P20; 
contents of 5.2 to 5.3 wt %. Only if POs were 
~1 wt %, a value more typical of Gusev crater 
rocks, would these rocks be as strongly nepheline- 
normative as their positions on Fig. 2 might sug- 
gest. [See also (24) for a discussion of how changing 
the normative phosphate-bearing mineral from 
apatite to Ca-merrillite affects the proportions of 
the other normative components. ] 


Comparison to Terrestrial Compositions 


As shown by a comparison between JM and lavas 
from Tenerife (one of the Canary Islands), there 
is an excellent correspondence between JM and 
fractionated alkaline basaltic rocks on Earth (Fig. 3 
and figs. SS to S8). JM lies on or near the oxide- 
MgO trends for Tenerife for all oxides except 
TiO>. As is the case for JM, when compared with 
Tenerife lavas with the same MgO content, nearly 
all of the martian rocks plotted in Fig. 3 have 
substantially lower TiO, contents than the Tenerife 
lavas, and this low TiO, appears to be a char- 
acteristic of martian rocks generally. Neverthe- 
less, even the TiO, content of JM is not outside 
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the range of fractionated terrestrial alkaline igneous 
rock compositions (fig. S7A), and both JM and 
nonalkaline martian rocks overlap with terres- 
trial tholeiites in TiO,-MgO space (fig. S7B). 
Although JM is slightly elevated in total alkalis 
relative to the Tenerife trend (Fig. 2) and at the 
upper end of the field defined by mugearite lavas 
(reflecting JM’s high Na2O content) (Fig. 3F and 
fig. SSF), terrestrial alkaline suites span a wide 
range of total alkali contents at a given silica (or 
MgO) content, with some being lower than that of 
JM [e.g., St. Helena (25)] and others being higher 
[e.g., Tristan da Cunha (25)]. 

The chemical similarity between JM and ter- 
restrial igneous rocks is surprising given that 
the chemical compositions of SNC (Shergotty, 
Nakhla, and Chassigny) meteorites and of igneous 
rocks analyzed using APXS on the surface of Mars 
(after correction for or removal by brushing or 
abrasion of surface-correlated components such 
as dust) differ systematically, in many respects, from 
those of terrestrial igneous rocks [e.g., (26, 27); 
see also (2/)]. These distinctions remain even when 
martian meteorites are compared with Fe-rich 
terrestrial lavas (28). However, even JM’s Fe/Mn 
ratio is within the range of comparable terrestrial 
igneous rocks [fig. S8; terrestrial and martian bulk 
rock and olivine and pyroxene Fe/Mn ratios have 
historically been considered diagnostic of each 
planet (29-32)]. Overall, if JM had been found on 
Earth, we would be hard pressed to tell from its 
whole-rock chemical composition that it is martian. 
In the discussion below, we use the fact that JM 
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plots essentially on the alkaline rock series from 
Tenerife (Figs. 2 and 3) as an aid to understand- 
ing one possible model for its petrogenesis. 

Based on the differences in S and Cl con- 
tents from undisturbed versus physically abraded 
martian rock surfaces, it is likely that much of 
the S and Cl in the APXS analysis of JM reflects 
a surficial component such as dust [after abrasion, 
SO; and Cl contents of Gusev crater rocks and 
outcrops generally drop by ~40 to 90% (/0)]. How- 
ever, there are haiiyne-bearing terrestrial lavas, 
historically called “tahitites” (33), with major- 
element compositions that are broadly similar to 
JM and with elevated S and Cl contents. Analyses 
of such hatiyne-bearing lavas (containing 50 to 
58 wt % SiO» on a volatile-free basis) from the 
Georoc database (25) have 0.6 to 2.4 wt % SO3 
and up to 0.8 wt % Cl [and some phonolitic lavas 
from Tenerife contain hatiyne; e.g., (34)]. Thus, 
although it cannot be quantified at this time, it is 
possible that non-negligible amounts of the S and 
Cl in the JM analysis are indigenous to the mag- 
ma from which JM formed rather than a second- 
ary, surface-correlated feature. 


Petrogenesis of JM 


Hypotheses for the origins of igneous rocks rarely 
rely on isolated chemical compositions but are 
constrained by field relations, petrography, and 
the compositional trends defined by related rocks. 
We lack these data for JM, but we are able to say 
with some confidence what its compositional fea- 
tures would signify if it formed by processes 


tephrite/ 


basanite, 


O Georoc / Tenerife 
* Georoc / mugearites 


@ Jake_M 
=== Alk/subalk boundary 
45 50 55 60 65 70 
wt% SiO, 


Fig. 2. Alkali-silica diagram. Compositional boundaries and rock names 
are from (72); the mugearite field is shown in blue. The dashed curve shows 
the alkaline-subalkaline boundary curve from Irvine and Baragar (23). (A) 
Colored symbols (see the key) show the three JM analyses (Table 1), normalized 
to 100 wt % without SO3, Cl, and trace elements; basaltic martian meteorites 
[the shergottite “Los Angeles” (9, 73) and the basaltic breccia NWA 7034 (74) 
are shown as distinct symbols]; martian rocks analyzed by the MERs (10, 75—77) 
and interpreted as igneous (including volcaniclastics); and the two soil-free 
Pathfinder compositions calculated by Wanke et al. (11) and Foley et al. 
(12). Errors bars associated with the NWA 7034 and Pathfinder compositions 
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reflect either 10 uncertainties (NWA 7034) or the projection methods used 
to calculate a soil-free composition (Pathfinder). Note that NWA 7034 may 
be a polymict breccia (78, 79). Larger filled colored circles labeled “Adirondack” 
through “Champagne” in the key denote specific Mars surface rocks analyzed 
by the MERs. (B) Comparison of the three JM analyses (Table 1) with lavas 
from Tenerife in the Canary Islands (25) and with terrestrial lavas that have 
been called mugearites, including some from Tenerife (25). Only Georoc (25) 
analyses with oxide sums between 97 and 102.5 wt % are plotted, and all 
have been normalized to 100 wt % on a volatile-free (including sulfur and 
chlorine) basis. 
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similar to those that have produced comparable 
terrestrial rocks. Although an infinite number of 
petrogenetic models could be constructed to 
account for a single rock composition such as 
JM, we emphasize again the strong composi- 
tional correspondence between JM and terres- 
trial mugearites (including JM’s position close 
to the liquid line of descent of Tenerife magmas). 
This correspondence provides a plausible context 
for interpreting the composition of JM and is at 
least permissive that the petrogenetic processes 
responsible for the compositional trends observed 
in these terrestrial lavas could be applicable to the 
evolution of JM. 

Evolved terrestrial alkaline rocks, including 
mugearites, are generally produced by extensive 
crystal fractionation of alkaline or transitional mag- 
mas. Whereas in some cases this fractionation ap- 
pears to occur in the upper mantle, based on the 
presence of peridotite xenoliths in some mugearites 
and related rocks (35-37), it more commonly occurs 
in crustal magma chambers or at even shallower 
depths within a volcanic edifice [e.g., (15, 16, 38)]. 
With this in mind, we used MELTS software 
(39, 40) to simulate fractional crystallization of a 
primitive Tenerife melt composition over a range 
of pressures (1 to 6000 bars), water concentra- 
tions (0 to 3 wt %), and oxygen fugacities [quartz- 
fayalite-magnetite (QFM) — 1 to QFM + 2]. 

A crucial constraint on the fractionation re- 
quired to explain the trend of Tenerife magmas 
is the monotonic increase in the Al,O3 contents 
of the observed rocks with decreasing MgO con- 
tent (at least down to 2 wt % MgO). As shown by 
MELTS calculations (Fig. 4), this monotonic 
change all the way down to 2 wt % MgO cannot 
be produced by fractionation from a dry primitive 
basanite at 1 bar: Under these conditions, plagio- 
clase saturation is reached at ~7.8 wt % MgO, 
long before sufficient fractionation has occurred 
to produce residual liquids with MgO contents in 
the 2% range. As a result, residual liquids at 1 bar 
with MgO contents like those of JM (4 to 5 wt %) 
contain only 14 to 15 wt % AlbOs; (ie., less than 
the ~15 to 19 wt % ALO; in JM and terrestrial 
mugearites) (fig. S5). To produce residual melts 
with monotonically increasing Al,O3 contents at 
these MgO contents, plagioclase crystallization 
must be suppressed. It is well known that ele- 
vated water contents and elevated total pressure 
individually or together can suppress plagioclase 
crystallization (4/-44). MELTS calculations 
confirm this: Starting with the primitive basanite 
at 4 kbar dry, the MELTS calculations predict that 
plagioclase saturation is delayed relative to 1 bar 
crystallization, being reached only at liquid MgO 
contents of ~4.8 wt % (Fig. 4). In contrast, and as 
expected, clinopyroxene saturates earlier in the 
fractionation sequence relative to the calculated 
trend at 1 bar (Fig. 4). With the addition of 1 wt % 
HO to the parental basanite at 4 kbar, plagioclase 
crystallization is even further suppressed: Figure 
4 shows that the model fractionation sequence 
reaches plagioclase saturation only at ~2 wt % 
MgO and that clinopyroxene appearance is also 
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somewhat delayed relative to the 4-kbar anhydrous 
calculation. Note that the points along the model 
liquid lines of descent that mark the appearance of 
Fe-rich spinel are only slightly affected over the 
ranges in pressure and water content investigated 
here (Fig. 4 and fig. S11). These calculations were 
all done at an /o> fixed relative to the QFM buffer 
[i.e., at QFM + 1, an fo2 consistent with estimates 
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from Fe-Ti oxides in Tenerife volcanics (38)]; 
under more oxidizing or reducing conditions, Fe- 
rich spinel would appear earlier or later in the 
calculated liquid line of descent. 

Although the 4-kbar dry simulation of the 
Tenerife parental basanite suppresses plagio- 
clase crystallization sufficiently to account for 
the high Al,O3 contents of JM and of rocks from 


to Wishtone & Champagne 
(5.3 & 52 wt%) 


wt% MgO 


Fig. 3. Oxide-MgO variation diagrams (weight %o) comparing Tenerife lavas, the three Jake_M 
compositions (Table 1), and various martian igneous rock compositions (see caption to Fig. 2 
for references and filters applied to the Tenerife lava compositions). (A) Si0;-MgO; (B) TiO,-MgO; 
(C) Al,03-MgO; (D) FeO*-MgO; where FeO* denotes all Fe as FeO; (E) CaO-MgO; (F) NazO-MgOQ; (G) K20- 


MgO; and (H) P30<-MgO. Error bars are as in Fig. 2. 
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Tenerife with 4 to 5 wt % MgO, the simulated 
fractionation trend provides a poor fit to the more 
evolved lavas from Tenerife (Fig. 4), which would 
require even further suppression of plagioclase 
crystallization to account for their even higher 
AI,O; contents. In contrast, the 4 kbar simula- 
tion with 1 wt % H,O in the parent magma re- 
produces the observed trend in Al,O3 all the 
way down to ~2 wt % MgO (Fig. 4), reproduces 
reasonably well the trends of all of the other 
oxides (fig. S11), and matches the water con- 
tents measured in melt inclusions from Tenerife 
lavas with phonolitic compositions (45). The sim- 
ulation at 4 kbar with 1 wt % H,O in the parental 
basanite magma, which reaches the MgO content 
of JM after ~57% crystallization and with ~2.3 
wt % H,O in the JM-like residual melt, provides 
the best fit to the overall Tenerife trend (see fig. 
S12, which illustrates the degree to which the 
calculated liquid lines of descent reproduce the 
compositional trend of the lavas as pressure and 
initial water content vary). Similar calculations by 
Beier et al. (46) using lavas from Sete Cidades 
volcano, Sao Miguel (in the Azores) produced 
comparable results, requiring 0.5 wt % H>O in the 
parent liquid and fractionation at 5 kbar to repro- 
duce the overall observed liquid line of descent. 
The point of these simulations and their 
comparisons to JM and to the overall Tenerife 


Fig. 4. Oxide-MgO variation diagrams 
(weight %/o) showing Tenerife lavas, the 
three Jake_M compositions, and three 
MELTS calculations. (A) Al,O3-MgO and 
(B) CaO-MgO; MELTS fractional crystallization 
calculations (colored curves) are described in 
the text (1 bar, anhydrous; 4 kbar, anhydrous; 
4 kbar, 1 wt % water in the parental liquid 
composition; all three calculations were done 
at fo = QFM + 1). Phase abbreviations: pl, 
plagioclase; Fe-sp, magnetite-rich spinel; 
cpx, clinopyroxene; ol, olivine; Cr-sp, chromite- 
rich spinel. Arrows point to the appearance of 
phases along the MELTS-modeled liquid lines 
of descent. Compositions of the Tenerife lavas 
are from (25) (see caption to Fig. 2); starting 
composition for the MELTS modeling is the 
average of Tenerife lavas with 12 to 13.5 wt % 
MgO and is reported in the supplementary 
materials, along with further details of the 
MELTS calculations. 
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liquid line of descent (Fig. 4 and fig. S11) is not 
whether a precise match can be achieved. As good 
as they are, MELTS calculations are no substi- 
tute for experiments in determining a fractionation 
path and its sensitivity to pressure, water content, 
other volatiles, and oxygen fugacity [e.g., the cal- 
culated best-fit liquid line of descent does not 
include amphibole and yet, amphibole is present 
in the more fractionated Tenerife lavas (38)]. 
Moreover, it is unreasonable to suppose that JM’s 
bulk composition represents exactly a liquid com- 
position or that the parent magma would be iden- 
tical in all respects to one from Tenerife (as pointed 
out above, the Na,O and TiO, contents of JM 
and the Tenerife trend do not match perfectly). 
The point of the comparison is simply that the 
overall trend of the Tenerife liquid line of descent 
is captured reasonably well only if plagioclase 
crystallization is suppressed relative to low- 
pressure, dry conditions and that several kilobars 
of pressure (corresponding to up to a few tens of 
kilometers depth within Mars) and water con- 
tents in the parent magma on the order of 1 wt % 
H30 do this successfully. If the pressure were less 
than ~1 kbar, the fits worsen because, under these 
conditions, not enough water is able to dissolve 
in the melt to suppress plagioclase crystalliza- 
tion sufficiently to reproduce the monotonic en- 
richment with fractionation observed in Al,O3 
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among the most highly evolved rocks from Tenerife. 
Nevertheless, as stated above, the 4-kbar anhy- 
drous trend provides a reasonable fit to the JM 
compositions, and thus we cannot say with any 
confidence that the fractionation of JM requires 
~1 wt % H,0 in the parental magma. Although 
the model 1-bar fractionation trend at 4 to 5 wt % 
MgO is low in Al,O; relative to JM, if we allowed 
for moderate plagioclase accumulation in JM or 
increased uncertainties in JM’s stated composi- 
tion, even fractionation under these conditions 
could not be ruled out. However, we can say with 
reasonable certainty that terrestrial magmas that 
are compositionally similar to JM require frac- 
tionation at both elevated pressure and water 
content. One way to resolve this for JM would be 
if more evolved alkaline lavas are discovered on 
Mars and whether these, like comparable terres- 
trial magmas, have even higher Al,O; contents 
than JM. If so, this would strengthen the require- 
ment for a moderate-pressure, hydrous liquid line 
of descent to explain JM because it would be 
difficult to match such elevated Al,O3 contents at 
low pressure or without dissolved water. Although 
they are not definitive, the pits on the surface of 
JM (Fig. 1) may be wind-eroded vesicles, which 
would be consistent with hydrous fractiona- 
tion. Likewise, the inferred water content of JM 
(~2 wt %, if we accept the analogy with Tenerife 
magmas) is also consistent with previous efforts 
to constrain the petrogenesis of martian magmas, 
which have concluded that they contained up to 
several weight % dissolved HO (47-49). Mea- 
surements of water in amphiboles in Chassigny 
(50) also suggest that the mantle source region of 
Chassigny may have been relatively wet. In con- 
trast, however, Filiberto and Treiman (5/) have 
argued that magmas parental to the martian mete- 
orites were chlorine-rich and water-poor; that is, 
<0.3 wt % H30. Although extensive work has been 
done on the partitioning of Cl between silicate 
melts and H3O-rich fluids [e.g., (52, 53)], it is not 
clear from available experimental data [e.g., (54)] 
whether Cl suppresses plagioclase crystallization 
to a similar degree as H,O. 

To explore whether any known martian igne- 
ous rocks could represent acceptable parent liquids 
for JM, we also performed MELTS calculations 
on Backstay, Humboldt Peak, and NWA 7034. In 
these cases, because there is no suite of lavas to 
constrain the liquid line of descent as in the case of 
the Tenerife calculations, we used MELTS simula- 
tions only to determine whether parent liquids 
corresponding to these known martian igneous 
rocks could fractionate to produce a residual liq- 
uid corresponding to JM and, if so, what condi- 
tions would be required. None of the martian rock 
compositions have high enough alkali contents to 
produce a close match to JM under any condi- 
tions (figs. S13 to S24). However, if we arbitrarily 
increased the alkali contents by amounts such that 
on fractionation the modeled alkali contents of the 
fractionated liquids matched those of JM at an 
MgO content of ~4 to 5 wt %, the alkali-enriched 
Backstay composition could produce a reasonable 
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approximation of JM after a few tens of percent 
crystal fractionation (although we note that the re- 
quired arbitrary increases in alkalis are not trivial). 


Origins of Alkaline Magmas on Mars 


We have no constraints on conditions required on 
Mars to produce the parental alkaline or transi- 
tional liquids from which JM is presumed to 
have evolved by extensive crystal fractionation. On 
Earth, such parental magmas have been attributed 
to a variety of conditions and processes, includ- 
ing melting of lherzolite + CO2 + H30 at elevated 
pressures [e.g., (55—57)], melting of metasomatized 
lithospheric mantle [e.g., (58—60)], and melting 
of pyroxenites and amphibolites [e.g., (60-62)]. 
Models for the origin of previously described al- 
kaline and transitional martian magmas have called 
on melting of a more alkali-rich mantle source [rel- 
ative to that of the shergottites (63)] and/or hydrous 
fractional crystallization of transitional magmas 
at pressures of a few kilobars (64). 

Ratios of moderately volatile alkalis to refrac- 
tory lithophile elements in martian rocks have 
been used to infer that the primitive martian man- 
tle was richer in Na and K than the terrestrial 
mantle by as much as a factor of 2 [e.g., (65-69)]. 
On this basis alone, although few alkaline martian 
rocks have been documented thus far, it would 
not be surprising if alkaline magmas derived 
from relatively alkali-rich sources (either prim- 
itive martian mantle or mantle that has been 
metasomatized by low-degree melts of relatively 
primitive mantle) were more common on Mars 
than they are on Earth [on Earth, alkaline lavas 
are rare from a planetary perspective, representing 
an estimated <1 volume % of terrestrial igneous 
rocks; e.g., (70)]. Note that based on trace-element 
and radiogenic-isotope ratios, the average sources 
of most shergottite meteorites are inferred to have 
been depleted and, in some cases, highly depleted 
(i.e., melts have been extracted from these source 
regions before the melting events that produced 
the shergottites). This depletion of their sources 
could explain the low alkali (and alumina) con- 
tents that are characteristic of the shergottites. If 
the liquids extracted during these earlier deple- 
tion events were enriched in alkalis (i.e., because 
they formed as partial melts of relatively primitive 
martian mantle) and were emplaced into the crust 
and lithospheric mantle, they could have enriched 
and metasomatized portions of the martian mantle. 
Melting of such enriched sources might then have 
produced the magmas parental to alkaline rocks 
such as JM. The overall K-rich nature of rocks 
analyzed by the MSL mission thus far (7/7) could 
reflect the presence of such an enriched region in 
the mantle underlying Gale crater. 
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Soil Diversity and Hydration 
as Observed by ChemCam 
at Gale Crater, Mars 
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The ChemCam instrument, which provides insight into martian soil chemistry at the submillimeter 
scale, identified two principal soil types along the Curiosity rover traverse: a fine-grained mafic 
type and a locally derived, coarse-grained felsic type. The mafic soil component is representative 
of widespread martian soils and is similar in composition to the martian dust. It possesses a 
ubiquitous hydrogen signature in ChemCam spectra, corresponding to the hydration of the 
amorphous phases found in the soil by the CheMin instrument. This hydration likely accounts 

for an important fraction of the global hydration of the surface seen by previous orbital 
measurements. ChemCam analyses did not reveal any significant exchange of water vapor between 
the regolith and the atmosphere. These observations provide constraints on the nature of the 


amorphous phases and their hydration. 


inventory of the martian soil constitute an 

open record of the igneous history of the 
martian crust, its meteoritic bombardment, and 
the physical and chemical weathering processes 
that transformed primary igneous rocks into sec- 
ondary products [e.g., (/—3)]. They reflect the 
aqueous history of Mars and the evolution of its 
climate. Physical weathering, transport, and sort- 
ing processes have redistributed crustal constit- 
uents in the soil, thus making its composition 
difficult to decipher by remote sensing observa- 
tions. However, these processes also make the 
crust composition accessible through local in situ 
measurements. 

From orbital observations (neutron, gamma- 
ray, and near-infrared spectroscopy), the martian 
surface is known to hold 2 to ~10 weight per- 
cent (wt %) of water-equivalent hydrogen at 
mid- and low latitudes (4-6). Thermodynamic 
models of ice stability [e.g., (7)] and equilibra- 
tion models of various hydrous minerals [e.g., 
(8, 9)] have ruled out some simple explanations 
for the origin of this water reservoir. Although 
hydrated sulfates and clay minerals have been de- 
tected from orbit, they cover only a small fraction 
of the entire surface (/0—12) and, to the extent of 
what can be observed by remote sensing, are 
limited to bedrock outcrops (/3, 14), whereas the 
hydration of the topmost microns of the regolith 
probed by the Visible and Infrared Mineralogical 
Mapping Spectrometer (OMEGA) aboard the Eu- 
ropean Space Agency’s Mars Express orbiter is 


T= composition, mineralogy, and volatile 
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global and usually unrelated to bedrock exposures 
(6, 15). Therefore, the nature and origin of this 
global hydration remain largely unknown. Deter- 
mining its nature is important for understand- 
ing the relationship between the regolith and the 
atmosphere as well as the aqueous history of 
Mars overall. 

Before the Mars Science Laboratory mission, 
the bulk chemical composition of the soil was 
characterized in situ at five different locations 
on Mars by Viking 1 and 2 (6, 17), Mars Path- 
finder (78), and the Mars Exploration Rovers 
(MERs) both at Meridiani Planum (/9) and in 
Gusev Crater (20). Both bright dust and dark soil 
deposits on opposite sides of the planet were 
found to be very similar (27). The Gamma Ray 
Spectrometer (GRS) onboard the Mars Odyssey 
orbiter provided data about the elemental compo- 
sition of the martian surface (4) and revealed 
large-scale heterogeneities, suggesting both local 
and regional sources for the surficial materials 
(22). Analyses of martian meteorites gave detailed 
information on the composition of the martian 
crust and interior (23). The composition of the 
martian surface was also estimated indirectly 
from its mineralogical characterization (24-26), 
but the cross section for very fine particles in 
these observations is often inordinately small. These 
investigations covered very different spatial scales, 
but no in situ information on martian soil chem- 
istry was available at the subcentimeter scale (in 
areal extent), except for its volatile inventory in 
organic and volatile inorganic compounds by the 
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Viking and Phoenix landers (~100-mg samples 
were analyzed by the Viking Molecular Analysis 
Experiment) (27, 28). This higher resolution is 
crucial to unraveling the chemical and physical 
processes that formed the martian soil. Understand- 
ing the soil fine-scale chemistry, including its hy- 
dration, is an important objective of the ChemCam 
instrument onboard the Curiosity rover. 

The laser-induced breakdown spectrometer 
(LIBS) on the ChemCam instrument (29, 30) 
provides insight on martian soil and dust chemi- 
cal variability at the submillimeter scale. The 
small sampling area of the ChemCam laser (~350 
to 550 um depending on distance) allows it to 
isolate various soil components and identify mix- 
ing trends that bulk measurements might aver- 
age together. The spectroscopic measurement 
of each individual soil, or “LIBS point” (3/), is 
typically obtained from a series of 30 to 50 laser 
shots. Because each shot produces a LIBS spec- 
trum of a deeper portion of the soil than the 
previous shot, it is possible to retrieve a profile 
of chemical composition to depths of a few mil- 
limeters in soils and a few tens of micrometers in 
rocks. The uncertainty budget of the LIBS mea- 
surements is small enough for such types of analy- 
ses to be performed. This yields analyses deeper 
than the probing depth of thermal, near-infrared, 
and x-ray spectrometers but shallower than GRS 
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nuclear techniques, which can profile a few tens 
of centimeters. ChemCam is sensitive to the pres- 
ence of hydrogen and can therefore investigate 
its spatial and temporal variability, providing 
constraints on the H,O budget of the martian 
surface. 


Results 


With 139 LIBS points acquired on soil targets 
during the first 90 sols of the mission (~3600 
spectra) (Fig. 1A), ChemCam has collected a 
data set that is well suited to statistical analysis. 
Here, a soil target is defined as a loose, uncon- 
solidated material that can be distinguished from 
rocks, bedrock, or strongly cohesive sediments 
(32). Images taken with the Remote Microscopic 
Imager (RMI) show a diversity of soil targets 
analyzed by ChemCam that range from homo- 
geneous soils made of fine-sand particles (Fig. 
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1C) to mixtures of fines and pebbles with typical 
grain sizes of <4 mm, classified as “fine gravels” in 
terms of the Wentworth-Krumbein scale (Fig. 1, B 
and D). 


Soil Chemical Diversity 

A cluster analysis of the spectra based on an in- 
dependent components analysis (ICA) (33, 34) 
and chemical quantification obtained with a partial 
least-squares technique known as PLS2 (34-36) 
revealed that the soils observed during the first 
90 sols at Gale crater follow a compositional trend 
between two major end members: a mafic com- 
ponent (cluster 1 or “mafic type”), and an alkali-, 
aluminum-, and silica-rich component (cluster 2 
or “felsic type”). Cluster analysis reveals that two 
main groups of targets are indeed discriminated 
by their Si, Al, and Na components (Fig. 2 and 
Fig. 3A). Compositions obtained with PLS2 are 
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consistent with this analysis (Fig. 3B). A third 
cluster shares a relatively high Mg component 
with the mafic type but has a lower H and a 
higher Na component. Its composition is inter- 
mediate between the two former end members. 
The mean composition of cluster 1 is close to the 
APXS (Alpha Particle X-ray Spectrometer) com- 
position of Portage (a soil target in a rover wheel 
scuff measured by both instruments) and to the 
composition of the dust measured by ChemCam 
on rock surfaces, although the latter was found to 
show less chemical variation (Table 1) (37). The 
felsic type is similar in composition to the high-Si 
minerals measured by ChemCam in neighboring 
rocks, such as Stark, a pitted, pumice-like rock, 
and Link, classified as a fine-pebble fluvial con- 
glomerate (Fig. 3B) (38—40). Felsic-type soil tar- 
gets are mostly found in the hummocky region in 
the vicinity of the landing site (Bradbury Rise) 


Fig. 1. ChemCam soil targets. (A) Rover traverse and location of ChemCam 
soil targets for the first 100 sols [image credit: NASA/JPL-Caltech/Univ. of Arizona]. 
Names appearing in orange correspond to locations where ChemCam points 
belonging to cluster 2 (felsic type) were found. Points belonging to cluster 1 (mafic 
type) were found in all locations. (B to D) Three examples of soil targets imaged by 
the RMI: (B) vertical transect across a trench dug into the Rocknest sand shadow, 
covered with ~1-mm grains (Epworth3, sol 84); 15 ChemCam points were acquired 
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from the bottom to the center of the image; the cross hairs only represent some of 
the LIBS spots; (C) homogeneous, fine-grained soil (Crestaurum, sol 83); (D) het- 
erogeneous soil containing ~3-mm pebbles (Beaulieu, sol 33). The eight points of 
target Crestaurum and Beaulieu point #1 belong to cluster 1. Beaulieu points #2, 
#3, and #4 belong to cluster 2. Beaulieu point #5, at the intersection between a 
small pebble and the surrounding fines, belongs to cluster 3. Some points of 
Epworth, on top of the Rocknest sand shadow (B), also belong to cluster 3. 
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(Fig. 1A), which reveals a change in local source 
composition along the traverse. The composition 
of the average martian soil measured by other in 
situ missions (4/) falls near the center of the Gale 
crater soil data cluster (Fig. 3B), closer to the 
mafic type, consistent with Mars Odyssey GRS 
data measured in these locations (22). 


Relation Between Grain Size and Composition 

Integrating physical properties such as grain size 
with chemical data is important to better under- 
stand the soil composition and its formation 
processes (3). Analyses of ChemCam RMI im- 
ages and variations of chemical composition and 
intensity of the spectra with depth (fig. S1) (34) 
reveal a correlation between composition and grain 
size. The mafic-type soils comprise a mixture of 
grains that are both coarser and finer than the 
LIBS spot size of ~400 um (42), the coarser grains 
having on average higher SiO, and alkali abun- 
dances (Fig. 3B and fig. S3). Conversely, the 
felsic-type targets are almost exclusively coarse, 
millimeter-sized grains. This explains why cluster 
2 is classified with some rock targets in the cluster 
analysis (Fig. 3A). The observed compositional 
trend, almost continuous, and its spread (Fig. 3B) 
could be produced by the mechanical mixing of 
different proportions of the two former compo- 
nents, from solid solutions or mixing between 
subcategories of each cluster, or from the pres- 
ence of other chemical extremes falling on the 
same trend that could only be revealed by clas- 
sification at the subpoint scale. Part of the spread 


can also result from the inherent shot-to-shot dis- 
persion of the spectra. Cluster 3 is an intermediate 
category of targets that is more difficult to define 
uniquely, probably as a result of the above pro- 
cesses and because the sorting of grains is less 
obvious. In some instances, clear mechanical mix- 
ing between the mafic and felsic types can be seen 
on RMI images of cluster 3 targets (Fig. 1D) or by 
looking at profiles of chemical composition with 
depth, which reveals the presence of buried coarse 
felsic grains (e.g., Epworth2 #3, located in the 
sand shadow armor shown in Fig. 1B). 


Chemical Variability at Rocknest Site 
The Curiosity rover remained for ~45 sols at a 
site called Rocknest in the vicinity of an aeolian 
bedform. The Rocknest soils, mostly sampled in 
the sand shadow, belong almost entirely to clus- 
ter 1. They differ distinctly from the iron-rich 
mafic rocks identified at Rocknest and are char- 
acterized by higher Mg//(Mn,Cr) (43), H, and 
Ca ICA components and lower Fe and Ti com- 
ponents than the latter (Fig. 3, A and C). The 
positive correlation between Mg and Cr suggests 
that they contain various proportions of picritic 
basaltic material. Although Mn and Cr are posi- 
tively correlated with Mg in Rocknest soils, their 
concentration is lower than in the Rocknest rocks. 
These differences suggest an absence of a genetic 
relationship between soils and rocks in this area, 
except as noted below. 

Spatial chemical diversity as a result of phys- 
ical sorting by grain size (44) was readily appar- 
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Fig. 2. Characteristic spectra of the three clusters. LIBS spectra of points Beaulieu #1 (mafic type), 
Beaulieu #2 (felsic type), and Beaulieu #5 (intermediate cluster), also shown in Fig. 1D. Each row 
corresponds to one of the three channels of ChemCam’'s Body Unit. An offset has been applied to 
separate the three spectra. The inset shows the hydrogen and carbon lines around 656 nm. 
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ent in the sand shadow. Analysis points obtained 
on top of the bedform, armored with millimeter- 
sized grains (Fig. 1B), have on average higher 
Si, Na, K, and Al contents than the interior of 
the trench dug into the sand shadow, which is 
composed of fine-sand particles (fig. $3) (34). 
However, none of these points is classified with 
either felsic rocks/soils or Rocknest rocks, ex- 
cept Kenyon #8 (cluster 2) and Epworth2 #3 (clas- 
sified in cluster 3 as a result of mixing between 
mafic type and felsic type), which suggests that 
they are not locally derived and have been subject 
to transport. The presence of the coarse grains 
Kenyon #8 and Epworth2 #3 provides evidence, 
however, that some local material has been in- 
corporated into or on top of the sand shadow. 


Low SiOz Abundances in the 

Fine-Grained Component 

Some points within the mafic type (cluster 1), par- 
ticularly its fine-grained fraction, have low SiO, 
(as low as ~34 wt %) and a low sum of predicted 
oxides (Fig. 3B), averaging from ~87 wt % totals 
for the cluster 1 average composition to as low 
as ~76 wt % totals for the low SiO value points. 
This suggests that the mafic-type soils contain a 
greater abundance of several elements (H, C, N, 
P, S, Cl, F) that are not easily detected by LIBS 
or quantifiable by PLS2. The low SiO, and total 
values may be attributed to the presence of an 
amorphous component that has been detected in 
the soil by CheMin and quantified by CheMin 
and APXS at levels of 27 to 45 wt % (45, 46). 
This component is Si-poor (SiOz = 37.2 wt %) 
and S-, Cl-, and possibly P-rich (with values of 
SO; = 11.0 wt %, Cl = 1.4 wt %, and P05 = 
2.1 wt %) (46). Adding this composition from 
CheMin/APXS and 5 to 9 wt % of H,O inferred 
from SAM (Sample Analysis at Mars) for the amor- 
phous component (47) to the initial ChemCam 
totals yields a sum of ~97.5 wt % for the low-silica 
samples—a reasonable total given the accuracy 
of the PLS2 method (48) and the omission of 
other minor oxides in the calculation. It is also 
possible that lower SiO, values are associated with 
even greater abundances of S, Cl, and P than de- 
rived from the bulk values calculated or measured 
by CheMin and APXS. This analysis suggests that 
ChemCam has probed the soil amorphous com- 
ponent incorporated in the mafic type, which was 
made possible by the small area of the LIBS 
interaction. 

It is also noteworthy that the fine-grained tar- 
gets belonging to cluster 1 have higher CaO con- 
centrations. PLS2 results reveal an anticorrelation 
between CaO and SiO, that mimics that between 
S10, and the sum of missing oxides (Fig. 4), im- 
plying that a fraction of CaO is associated with an 
element that is not predicted by the PLS2 tech- 
nique (49, 50). Some of this calcium could be 
associated with sulfur, which may be evidence 
for incorporation of Ca sulfates from neighboring 
areas. SAM and CheMin instruments have not 
found evidence for abundant crystalline Ca sul- 
fate minerals in Rocknest soil (<150 um fraction), 
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Fig. 3. Classification of ChemCam targets and chemical trends. (A) 
Schematic dendrogram of the clustering analysis of ChemCam targets (rocks 
and soils), based on ICA. The elements driving the division of the clusters are 
listed on each branch. The elements appearing in parentheses, although not 
sufficient to divide the clusters, show significantly larger signal than the mean 
of the whole population or subgroup. (B) Composition of ChemCam soil tar- 
gets (the averages of each LIBS point are represented by colored diamonds), 
Link and Stark rocks, and dust, derived from the PLS2 technique. The dust 
composition is shown with +10 standard deviation. All shot-by-shot data are 


although CheMin reports 1.4 wt % anhydrite, which 
is near its detection limits (45, 47). Ca perchlorates 
were identified tentatively by SAM at abundances 
below the detection limit of CheMin (45, 47). The 
largest CaO and lowest SiO, values were obtained 
for points Epworth #5 and Epworth3 #3 (Fig. 4), 
two coarse grains buried in the Rocknest sand 
shadow, whose size (+150 um) probably excluded 
them from being analyzed by SAM and CheMin. 


Soil Hydration 

An outstanding feature in ChemCam LIBS spec- 
tra of all cluster 1 soils is a ubiquitous hydrogen 
emission peak. ICA analysis reveals a hydration 
trend that closely follows the trend in composi- 
tion and grain size (Fig. 5). The fine-grained 
mafic soil component and the dust (Fig. 6A) are 
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comparison. Differences in 


enriched significantly in H relative to the felsic- 
type component and coarse grains, whose H sig- 
nal is similar to that of local rocks and ChemCam 
anhydrous calibration targets (Fig. 5 and Fig. 
6A). This trend is consistent with the hypothesis 
that soils are a mechanical mixture of compo- 
nents characterized by different levels of hydra- 
tion and that the average hydrogen abundance 
present corresponds to the proportion of the fine- 
grained component in the soil. 

There are multiple potential carriers for this 
hydrogen: (i) adsorbed atmospheric H2O, con- 
trolled by the soil specific surface area (SSA) and 
possibly forming thin grain-surface brines (5/); (ii) 
hydrated crystalline minerals, including phyllo- 
silicates and salts; and (ii) amorphous or poorly 
crystalline hydrated phases. CheMin found no 


1 
Mg//(Cr,Mn) component (x10-*) 


also shown, divided between shots that qualitatively appear to be from “coarse” 
grains (in gray) and from “fine” grains (in black). The average martian soil com- 
position from (42) and the APXS composition of soil Portage (46) are shown for 


normalization are described in the supplementary 


material (34). (C) ICA classification of soils and rocks measured at Rocknest site 
showing a clear distinction between them along the (Fe+Ti) and Mg//(Cr,Mn) 
components (43). The point Epworth #5 (B), which represents a class in itself 
(characterized by its CaO component), is not represented in the dendrogram for 
the sake of clarity. Epworth3 #3 is another calcium-rich coarse grain. 


evidence for the presence of hydrated crystalline 
minerals in the soil, which suggests that the hy- 
drogen detected by ChemCam and H,O measured 
by SAM (47) is either adsorbed or corresponds 
to the hydration of the amorphous component 
detected by CheMin, or both. Adsorbed water 
would be preferentially associated with the amor- 
phous phase if it is porous. 

Three experiments were conducted with 
ChemCam to provide additional constraints on 
the nature of the observed hydrogen. The varia- 
bility of hydrogen in the martian soil was moni- 
tored as a function of time and depth at different 
scales: (i) an examination of day/night H varia- 
tions in the upper millimeter of undisturbed soil; 
(ii) observations of H variations with depth, 
over the first millimeter and over a few centi- 
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Table 1. Soils and dust composition and comparison to previous inves- 
tigations. PLS2 mean compositions of clusters 1 and 2 (with standard deviations 
in parenthesis), dust (ChemCam first shots) (37), and comparison to the average 
martian soil (41) and to the APXS composition of Portage (46). PLS2 root-mean- 
square error of prediction (RMSEP) for each element is indicated in the rightmost 
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column. Differences in normalization between ChemCam and APXS data, which 
are discussed in the supplementary material, can result in slightly greater abun- 
dances measured by the APXS (34). ChemCam abundances for Al and Fe are less 
reliable, and Fe may be underestimated by a few wt %. Cr and Mn can be 
quantified by univariate analysis, but not accurately by PLS2. 


Cluster 1 Average Portage Portage soil Dust Dust Cluster 2 PLS2 

(mean) martian soil* soil (ChemCam) (APXS) (ChemCam) (MER APXS)T (mean) RMSEP 
SiO, 43.5 (3.8) 45.41 45.0 (4.4) 42.88 + 0.47 42.0 (2.4) 44.84 + 0.52 66.0 (5.0) 7.3 
TiO, 0.6 (0.2) 0.90 0.6 (0.2) 1.19 + 0.03 0.8 (0.2) 0.95 + 0.08 0.1 (0.1) 0.7 
Al,03 11.4 (1.1) 9.71 11.9 (1.4) 9.43 + 0.14 10.9 (0.8) 9.32 + 0.18 11.6 (1.6) 3.0 
FeO; 13.8 (1.1) 16.73 13.6 (1.5) 19.19 + 0.12 13.7 (1.1) 16.964 + 0.74 6.2 (3.7) Ly) 
MgO 7.5 (1.5) 8.35 7.8 (1.8) 8.69 + 0.14 7.3 (0.8) 7.89 + 0.32 1.4 (1.1) 4.0 
CaO 8.0 (1.4) 6.37 7.7 (1.8) 7.28 + 0.07 7.8 (1.1) 6.34 + 0.20 7.5 (2.7) 4.2 
Na20 2.2 (0.4) 2.73 2.3 (0.5) 2.72 + 0.10 2.0 (0.3) 2.56 + 0.33 4.0 (0.4) 0.8 
K,0 0.6 (0.2) 0.44 0.6 (0.2) 0.49 + 0.01 0.7 (0.2) 0.48 + 0.07 2.1 (0.5) 0.9 
Cr203 — 0.36 —_— 0.49 + 0.02 — 0.32 + 0.04 — — 
MnO — 0.33 —_— 0.41 + 0.01 —_— 0.33 + 0.02 —_— —_— 
P20; _— 0.83 —_— 0.94 + 0.03 —_— 0.92 + 0.09 —_— —_— 
SO3 — 6.16 _— 5.45 + 0.10 — 7.42 + 0.13 — — 
cl — 0.68 — 0.69 + 0.02 — 0.83 + 0.05 —_— —_— 
Sum of oxides 8.36 7.98 9.82 

not quantified 
by PLS2 

Residual§ -3.0 —2.4 4.2 
Total 87.6 99 89.5 99.85 85.2 99.2 98.9 11.4 
*From (41). tFrom (54). fFeO = 10.42 + 0.11 wt %, Fe203 = 7.28 + 0.70 wt %. §Difference, expressed as [(total APXS) — (sum of oxides not quantified)] — (total PLS2), between 


adjacent columns. This residual is partly due to the difference of normalization, as APXS data are normalized on a water- and carbon-free basis (34). 
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Fig. 4. Chemical correlations in the Rocknest soil. (A) Correlations be- 
tween the sum of missing oxides and SiOz, suggesting that the low SiOz values 
are associated with missing elements. (B) Anticorrelation between CaO and 


Si02. Shot-by-shot PLS2 values of Rocknest soil are plotted together with shots 
from Epworth #5 and Epworth3 #3, two coarse grains found on top of and in 
the interior of the sand shadow, showing relatively large CaO abundances. 


meters, when a scoop in the Rocknest sand shadow 
was excavated; and (iii) observations of H var- 
iations with time, over a few days, of a freshly 
exposed soil to look for signs of desiccation. The 
first experiment was performed on a fine-grained 
soil target, Crestaurum (Fig. 1C), at the surface of 
an aeolian bedform. Day and pre-dawn measure- 
ments of H showed very consistent values and no 
H enrichment in the first shots, which are most 
likely to be affected by diurnal exchange of HO 
or frost deposit (Fig. 6A). The second experiment 
was performed on a large set of points, both in 
undisturbed soil and in the interior of the ~3-cm- 
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deep trench in the Rocknest sand shadow; no sta- 
tistically significant variations were seen within the 
first millimeter probed or between the different 
points (Fig. 6, B and D). This suggests that the H,O 
content measured by SAM may be extrapolated to 
the surface of similar undisturbed soils. In the third 
experiment, similar points within the interior of the 
trench monitored over a 25-sol period, 11 sols after 
the soil was exposed, did not reveal statistically 
significant variations (Fig. 6C). These results, 
together with preliminary estimates of the sensitiv- 
ity of ChemCam measurements (52), suggest that 
the diurnal exchange of H2O with the atmosphere 
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leads to variations of H,O abundance of less than 
~1.1 wt % for the type of soils we analyzed under 
humidity conditions prevailing at Gale crater near 
solar longitude L, ~ 200°. Either the equilibration 
of the interior of the sand shadow with the surface 
atmosphere occurred faster than 11 sols, or the 
gradient of water-equivalent hydrogen with depth 
was less than ~0.25 wt % over a few centimeters. 


Discussion 


Origin of the Soils 
The abundance and distribution of light-toned 
pebbles with high Si, Na, and Al contents along 
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the rover traverse suggest that material with felsic 
composition is common near the landing site but 
limited to the pre-Rocknest hummocky unit. The 
surface of Bradbury Rise is characterized by the 
presence of fluvial sedimentary conglomerates, 
only one of which (Link) was observed by ChemCam 
(39). Its clasts have a range of SiO, AlbO3, and 
alkali compositions close to that of alkali feldspar 
(38-40), consistent with the composition of some 
felsic-type pebbles. This observation supports the 
interpretation that loose and cemented clasts in 
the hummocky region have a common origin. In 
this case, the felsic-type pebbles would have one 
of two origins: They could have resulted from in 
situ weathering of the sedimentary conglomerates, 
or they could have been transported and deposited 
from the same source region without being ce- 
mented. The abundance of such pebbles reinforces 
the view that the hummocky unit could contain 
abundant feldspar-rich crustal material that has 
not been probed by past instruments (38, 40) and 
possibly originates from the crater rim (39). The 
pebbles with largest SiOz concentrations may rep- 
resent lithic fragments from silica-rich, pumice-like 
rocks similar to Stark (38, 40). 

The mafic soil component was found not only 
in the Rocknest sand shadow and in aeolian bed- 
forms, but throughout the rover traverse (Fig. 1A). 
It differs chemically from any of the rocks analyzed 
in the hummocky unit, supporting the idea that it 
is not locally derived at the scale of this geological 
unit. Its composition is similar to that of soils and 
dust measured elsewhere on Mars. Its presence 
in soils at Gale crater must reflect the efficiency 
of large-scale processes such as aeolian transport 
and impact gardening. It could reflect the wide- 
spread presence of regions with similar basaltic 
composition, possibly characterized by lower re- 
sistivity to physical and chemical weathering. On 
the other hand, investigations at other landing 
sites also found relatively little influence from 
local bedrock composition (2/), rock composi- 
tions found at Gale crater differ from other sites 
(38), and Mars Odyssey GRS found large provinces 
characterized by different compositions (22, 53); 
these findings could indicate that the mafic soil 
component in fact represents an average of dif- 
ferent compositions as a result of large-scale homog- 
enization processes. It was suggested, for instance, 
that this ubiquitous material was made of two un- 
related components: a component derived from 
relatively young olivine-rich basalts degraded under 
relatively anhydrous conditions and a component 
containing clay minerals, amorphous silica, and 
sulfur- and chlorine-rich nanophase ferric oxides 
resulting from the alteration of ancient rocks under 
hydrous conditions (2). This type of scenario could 
be consistent with CheMin characterization of the 
Rocknest soil [although CheMin did not detect 
the presence of phyllosilicates in that soil (45)] and 
with the evidence for the presence of a hydrated 
amorphous component. 

The dust analyzed by ChemCam is basaltic, 
and its composition is similar to that measured by 
the MER APXS at the surface of bright soils (54) 
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(Table 1). Both its composition (including an 
SiO, abundance greater than that of the amor- 
phous component) and its chemical homogeneity 
(1.e., small point-to-point variability, reflected 
in a standard deviation lower than that of clus- 
ter 1) suggest that its chemical alteration was 
limited, in agreement with previous observations 
of the presence of olivine minerals by the MERs 
(54-56). Fine by-products of the physical weath- 
ering of larger basaltic grains during their transport 
(57), or aeolian abrasion of rocks, would be con- 
sistent with these observations. On the other hand, 
the hydration measured by ChemCam, and the 
high S, P, and Cl content probably associated with 
nanophase iron oxides inferred from MER APXS 
analysis (54, 55), hint at the presence of weather- 
ing products, although adsorption could also 
play an important role given their small size. The 
homogeneity of the dust composition observed 
by ChemCam could therefore also reflect the 
very small scale of the dust particles with respect 
to the size of the LIBS spot. 

The fact that none of the points analyzed on 
the Rocknest bedform armor is classified with 
Rocknest or Bradbury Rise rocks (except Kenyon 
#8) suggests that the millimeter-sized pebbles traveled 
some distance from another source region before 
ending their course at Rocknest. This is consist- 
ent with their subangular to subrounded shape, 
which is indicative of the mechanical erosion they 
have undergone (fig. $2). 


Hydration of the Amorphous Phase 

and Specific Surface Area of the Soil 

Although the nature of the amorphous compo- 
nent detected by CheMin in the <150-um frac- 
tion of the Rocknest soil remains unclear, its 
x-ray diffraction pattern resembles that of ba- 
saltic glass with some allophane, a short-range 
ordered hydrous aluminosilicate (45). Chemi- 
cal data, however, suggest that the latter is likely 
a surrogate for Fe**-bearing amorphous phases, 
such as Fe-allophane, hisingerite (58), or nano- 
phase iron oxides (45, 46). Interpretations of 
orbital data also suggest the presence of allophane- 
like silicate phases and ferrihydrite at the surface 
of Mars (26, 59, 60), although Al-rich allophane 
is not consistent with APXS chemical data (46) 
and requires conditions of moderate pH (5) to 
form (6/). 

The large fraction of poorly ordered ferric 
materials and their association with hydrogen 
and other volatile species suggest a similarity 
to terrestrial andisols. These soils develop in 
volcanic ejecta (such as volcanic ash, pumice, or 
cinders) and/or in volcaniclastic materials usu- 
ally rich in volcanic glass; they are characterized 
by a colloidal fraction dominated by short-range 
ordered minerals or noncrystalline phases, espe- 
cially allophane, imogolite, and noncrystalline 
oxyhydroxides (e.g., ferrihydrite), or Al/Fe-humus 
complexes often together with opaline silica 
(61, 62). The strong sorption capacity of andisols 
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Fig. 5. ICA classification of soils and rocks along Na and H components. A hydration trend 
from cluster 2 to cluster 1 soils and going through cluster 3 is observed, away from the rocks (the x and y 
axis represent the covariance between each of the spectra and the independent components) (34). It 
suggests mechanical mixing between fine hydrated particles and drier coarse grains. 
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due to the presence of these amorphous phases 
could be relevant to Mars. Sorption of phos- 
phate in andisols, for instance, has been shown 
to inhibit the crystallization of ferrihydrite to 
more crystalline goethite and hematite (6/). High 
sorption capacities could also make the regolith 
an important contributor to the atmospheric 
H30 cycle (63, 64). In andisols, allophane and 
iron (oxy)hydroxides contain substantial amounts 
of adsorbed HO because of their large spe- 
cific surface area (SSA) (65) and the presence 
of surface hydroxyl groups that act as strong 
adsorption sites through hydrogen bonding (66). 
Similarly, the abundance of these hydroxylated 
phases may dominate the SSA of the martian 
soil and thus the level of atmospheric H2O stored 
in the regolith. Laboratory experiments per- 


formed on ferrihydrite and on phyllosilicate-poor, 
allophane-rich palagonitic dust from the flanks 
of Mauna Kea volcano, Hawaii (67, 68), show 
indeed that these materials can hold relatively 
large amounts of adsorbed H2O (a few wt %) 
under martian conditions, even at low relative 
humidities and with relatively fast exchange 
kinetics (69). 

Some differences with the martian soil are 
therefore unclear. Indeed, the average level of hy- 
dration of the amorphous phases (5 to 9 wt %), 
measured by SAM (47) to a temperature of 835°C, 
contrasts with the relatively small amount of 
H,O measured at temperatures less than 150° to 
200°C, a typical range of temperatures where 
H20 adsorbed in allophane-rich material is re- 
leased (70). This also contrasts with the lim- 
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ited time variability of HO abundance measured 
by ChemCam in the near-subsurface and inferred 
from orbital observations of the atmospheric 
water column (7/). 

Determining the level of regolith-atmosphere 
exchange of H,O, and thus its SSA, is also im- 
portant to understand why the D/H ratio of soils, 
measured by SAM, is close to atmospheric val- 
ues (26). Estimates of the SSA of the martian 
soil can be deduced from ChemCam day/night 
experiment results (see Materials and Meth- 
ods). We find an upper limit for the SSA of the 
fine-grained component of 30 to 45 m* g ! 
(Fig. 7) (34), which does not contradict the only 
SSA estimate available to date of 17 m? g | de- 
rived by the Viking Gas Exchange Experiment 
(72). The relatively low SSA suspected for the 
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Fig. 6. Temporal and spatial variability of the hydrogen signal. (A) 
Depth profile of the H line intensity (signal to background, S/B) for the 
Crestaurum target analyzed on sol 74/75 [sol 74, 11:30 a.m. local mean solar 
time (LMST), and pre-dawn of sol 75, 4:40 a.m. LMST]. The ratio between the 
mean night and day S/B is 1.003, indicating no sign of water enrichment at 
night. The average S/B of seven onboard calibration targets, used as a blank, is 
also displayed. The first five shots reveal the presence of hydrated dust on their 
surface. The large error bars for these shots are probably due to differences in 
dust coverage. The H S/B profile of Beaulieu point #2 (Fig. 1D), which belongs 
to the felsic type, is also shown for comparison. It does not significantly differ 
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the ICA analysis. 
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from the blank. (B) Hydrogen S/B ratio over the first 30 shots and averaged over 
62 homogeneous, fine-grained samples. Error bars are +1o (standard deviation 
of the N averaged samples). (C) Variations of the hydrogen S/B ratio in the 
interior of the trench as a function of the sol number (the trench was dug on sol 
61). Each black point represents the average S/B of one of the LIBS points 
acquired on the target. The standard deviation around the mean of each target 
is ~0.2. (D) Histograms of the two populations of spectra acquired in the in- 
terior of the trench (green) and in undisturbed surfaces (yellow), and charac- 
terized by the same Na component. The x axis represents the H component of 
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noncrystalline fraction of the soil, deduced from 
the low content of exchangeable H,O and com- 
pared with the much higher values measured 
for terrestrial allophane and ferrihydrite, suggests 
that such strongly hydroxylated silicates may in 
fact not be a very adequate analog for the mar- 
tian soil, or that their porous structure has been 
modified. 


Conclusion 

ChemCam and APXS instruments show that 
the fine-grained soil component measured at Gale 
crater is likely representative of widespread mar- 
tian soils, owing to chemical similarity with the 
soils of other landing sites. It has been sampled 
not only in undisturbed soils along the rover 
traverse but also at some depth in Rocknest 
sand shadow. This component and the dust are 
found to possess a ubiquitous H emission line 
in ChemCam spectra. The corresponding hydra- 
tion, quantified by SAM at Rocknest at a bulk 
value of ~2.25 wt % (47), relatively consistent 
with HO abundances of | to 3 wt % measured 
by Viking 1 and 2 (73) and shown by CheMin to 
be likely carried by amorphous phases (45, 46), 
could therefore account for an important frac- 
tion of the global budget of the water-equivalent 
hydrogen measured from orbit at mid- and equa- 
torial latitudes by Mars Odyssey GRS and Mars 
Express OMEGA, in particular the lower limit 
of ~2 wt % (4-6, 15). Because the hydration of 
the amorphous component is ~5 to 9 wt % (47), 
the spatial variations seen from orbit may be part- 


ly explained by the presence of different propor- 
tions of this hydrated amorphous component in 
the soil. 


Materials and Methods 


Constraints on the Specific Surface Area 
of the Martian Soil at Gale Crater 


The SSA of a soil is the primary parameter that 
controls the amount of H2O adsorbed onto it. 
Determining the SSA and the adsorption capacity 
of the soil is important to better understand the 
gaseous exchange between the regolith and the 
atmosphere, and it is also useful to constrain 
the nature of the hydrated amorphous phases mea- 
sured by CheMin. As an illustration, in allophane, 
characteristic of andisols, HO molecules are bound 
strongly to hydroxyl functional groups such as 
Si-OH and Al-OH-AI, if those are accessible to 
H,0 molecules (66). Hydroxy] functional groups 
thus increase the ability of this material to adsorb 
water even at low relative humidities (RHs). Typ- 
ically, allophane at RH = 30% can adsorb twice as 
much H,0 as its structural hydroxyl content (70). 
This is also the case for the popular allophane-rich 
martian analog JSC Mars-1 (74). 

For a given SSA, the amount of water vapor 
adsorbed depends on the RH, as expressed by 
adsorption isotherms. On sol 74/75, the dates of 
the day/night experiment described above, the 
RH observations by the REMS-H device (Rover 
Environment Monitoring Station—Humidity Sen- 
sor) (75) in the early morning before sunrise gave 
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Fig. 7. Amount of adsorbed water as a function of SSA and relative humidity. The two curves 
represent linear fits through the experimental data (adsorption isotherms) measured by (67) on six 
geological samples at 243 K, for two values of RH (0.1% and 30%) corresponding to the conditions 
prevailing approximately at Gale during the day/night Crestaurum experiment. Note that although 
there is some dispersion around the fits, the gaps between the experimental values and the fits (which 
matter here) are very similar. The double-sided arrow represents the upper limit of the difference of 
H20 abundance estimated by ChemCam between the two local times, which translates into an upper 
limit for the SSA. By increasing order of SSA, the samples are as follows: dunite (2.83 m2 g 2), 
volcanic tuff + Mg sulfates (11.3 m? g 2), volcanic tuff (13.7 m? g~7), smectite SWy-2 (52.7 m7 g 2), 
JSC Mars-1 (106 m? g~*), and ferrihydrite (134 m7 g~*). The experimental data of (78) (arrow in the 
inset) obtained at 253 K with ground Vacaville basalt (2.83 m? g~*) fall well on the fit (no data 
available at low RH). See supplementary material for more details. 
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a preliminary value of ~20% at an altitude of 1.5m 
above the surface. This corresponds to an RH 
value of 25 to 35% at the ground level because 
early-moming ground temperature is 1 to 3 K lower 
(76) than the atmospheric temperature at the MSL 
boom level. Noontime RH at sol 74 was approx- 
imately 0 to 0.05% because of the noontime high 
atmospheric temperature. 

Estimates of the SSA can be obtained using 
adsorption isotherms obtained on martian analogs. 
Adsorption isotherms were measured for several 
geological samples under martian conditions (7 = 
243 K, RH = 0 to 70%), together with kinetic 
parameters (67, 69). Figure 7 shows that to first 
order, the amount of H,O adsorbed is approxi- 
mately linearly related to the SSA. The relative 
insensitivity to mineralogy for geological materials 
was also shown by (77). To hold <1 wt % of 
adsorbed H,O at RH = 0.001, the SSA should be 
<13 m* g '. Similarly, to hold <1 wt % of adsorbed 
H,O at RH = 0.3, the SSA should be <24 m* g 1. 
Between RH = 0.001 and RH = 0.3, the differential 
amount of adsorbed water is ~0.033 wt %/(m* g '), 
corresponding to the different slopes in Fig. 7. 
Because ChemCam did not observe diurnal var- 
iations greater than ~1.1 wt %, the SSA should 
be lower than ~30 m’ g '. Extrapolation of the 
adsorption isotherms from 243 K to tempera- 
tures measured at Gale crater at night is not be- 
lieved to significantly affect this upper limit, either 
making it a safe upper limit or possibly increasing 
it to ~45 m? g |, depending on the isosteric heat 
of adsorption considered (34). Using the de- 
sorption branch of the isotherms published by 
(67) gave very similar results. 


Spatial and Temporal Variability of 
the Hydrogen Signal 
In order to investigate the variability of the H 
signal at different time and depth scales, three 
types of ChemCam experiments were conducted. 
First, we checked whether there was any gradient 
with depth within the first 30 shots, correspond- 
ing roughly to the first few millimeters of the 
subsurface. For that, a sample of 62 individual 
LIBS points has been analyzed. The choice of 
these specific points was dictated by the need to 
compare relatively similar, fine-grained soils. All 
were selected from cluster 1. The profile of each 
point was checked for the presence of any ob- 
vious “coarse” grains, and when it occurred, the 
corresponding shots were removed from the depth 
profile. Figure 6B shows the depth profile of the 
average signal-to-background (S/B) ratio of these 
62 points. Within the uncertainty of the measure- 
ment (Fig. 6B), no trend with depth is observed. 
To check whether the interior of the trench 
had a larger hydrogen signature than the exposed 
surface, given the lower maximal temperatures 
reached during the day, two sets of individual spec- 
tra were selected and compared: ~1000 spectra 
acquired on undisturbed soils and ~700 spectra 
acquired in the interior of the trench. Given the 
size of the data set, we preferred to perform an 
ICA analysis of the H component. However, it 
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was shown that all points plot on a mixing line 
between (high Na, low H) and (low Na, high H) 
(Fig. 5). Thus, to be comparable, the samples 
should have a similar Na component. The spectra 
corresponding to the fine-grained soil samples were 
selected in a range of low Na component values 
[the Mg//(Cr,Mn) component was also tested and 
gave exactly the same result]. The histograms 
showing the distribution of the H component for 
these two populations are presented in Fig. 6D. A 
Kolmogorov-Smirnov statistical test showed that 
there was no significant difference between the 
two populations. Therefore, we conclude that the 
interior of the trench does not show evidence of 
an HO enrichment compared to the undisturbed 
surface, within the sensitivity of the measurement 
(34). This has an implication with regard to the 
relevance of the extrapolation of the SAM results 
to amore global scale. It means that the hydrogen 
content measured by SAM is comparable to the 
hydrogen measured over an exposed surface, typ- 
ically seen by orbital measurements. We do not see 
evidence for a two-layer model at this scale (a few 
centimeters). Nonetheless, this analysis does not 
tule out the possibility that the interior of the 
trench was more hydrated when it was excavated, 
and it lost its additional HO in the 11 sols be- 
tween the scooping and the first measurement by 
ChemCam on sol 72. 

Finally, we have monitored the evolution of 
the H signal ofa freshly exposed soil (the trench in 
Rocknest ripple) over a 25-sol time span, 11 sols 
after it was scooped. The intent was to detect a 
possible desiccation of the exposed material. The 
average hydrogen S/B ratio of each LIBS point 
obtained for a series of four targets is plotted in 
Fig. 6C as a function of time, the x axis represent- 
ing the sol at which the targets were measured: 
Schmutz (9 LIBS points, on sol 72), Kenyon (10 
LIBS points, on sol 81), Epworth3 (12 first LIBS 
points, on sol 84), and Kenyon_high_ albedo (10 
LIBS points, on sol 97). Again, for each point, 
spectra attributed to “coarse” grains were removed. 
No statistically significant variation of the H signal 
was observed with time. 
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X-ray Diffraction Results from Mars 
Science Laboratory: Mineralogy 
of Rocknest at Gale Crater 
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The Mars Science Laboratory rover Curiosity scooped samples of soil from the Rocknest aeolian 
bedform in Gale crater. Analysis of the soil with the Chemistry and Mineralogy (CheMin) x-ray 
diffraction (XRD) instrument revealed plagioclase (~An57), forsteritic olivine (~Fo62), augite, 
and pigeonite, with minor K-feldspar, magnetite, quartz, anhydrite, hematite, and ilmenite. 

The minor phases are present at, or near, detection limits. The soil also contains 27 + 14 weight 
percent x-ray amorphous material, likely containing multiple Fe?*- and volatile-bearing phases, 
including possibly a substance resembling hisingerite. The crystalline component is similar to 
the normative mineralogy of certain basaltic rocks from Gusev crater on Mars and of martian 
basaltic meteorites. The amorphous component is similar to that found on Earth in places 


such as soils on the Mauna Kea volcano, Hawaii. 


umerous observations of the martian sur- 
Ne both in situ and from orbit, sug- 

gest that basaltic soil across the planet 
has a fairly uniform chemical composition. Global- 
scale aeolian mixing of the finest grains is a major 
factor in this uniformity, but not too disparate 
basaltic compositions across the planet may also 
be a contributing factor (/, 2). High-quality chem- 
ical data for martian soils are available from the 
Pathfinder, Mars Exploration Rover (MER), and 
Phoenix missions (2-4), and phase information 
has been provided through MER thermal emis- 
sion and Méssbauer spectroscopic measurements 
(3, 5—9). The Chemistry and Mineralogy (CheMin) 
instrument onboard the Mars Science Laborato- 
ry (MSL) rover Curiosity uses x-ray diffraction 
(XRD), which is generally the preferred and the 
most definitive method for determining the nature 
of crystalline phases (such as minerals) in solid 
samples. CheMin’s XRD analysis on Mars co- 
incided with the 100th-year anniversary of the dis- 
covery of XRD by von Laue (/0). 
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On the basis of Alpha Particle X-ray Spec- 
trometer (APXS) chemical analyses, the Rocknest 
aeolian bedform is considered to be representa- 
tive of global basaltic soil at Gale crater (//—/3). 
Curiosity delivered the <150-um-size fraction of 
three samples of loose, unconsolidated material 
(“soil”) acquired at Rocknest to the CheMin in- 
strument inside the body of the rover, and CheMin 
measured two-dimensional (2D) diffraction data 
(Fig. 1, scoop five) for the three samples (details 
are available in materials and methods). Imag- 
ing shows that the soil has a range of particle 
sizes, | to 2 mm and smaller, presumably rep- 
resenting contributions from global, regional, and 
local sources (/4). The larger particles at the 
top of the bedform appear to be armoring the 
bedform. The term soil is used here to denote 
any loose, unconsolidated materials that can be 
distinguished from rocks, bedrock, or strongly 
cohesive sediments. No implication of the pres- 
ence or absence of organic materials or living 
matter is intended, nor is the genesis of the de- 
posit inferred. 


Results 


Crystalline Components 


Initial analyses of the measured diffraction data 
from three different scoops revealed the presence 
of plagioclase feldspar, forsteritic olivine, augite, 
and another pyroxene, with no evidence of any 
phyllosilicate mineral. Rietveld refinements in- 
cluding numerous candidate phases revealed the 
presence of pigeonite with augite. Refinements 
using augite with orthopyroxene or clinopyroxene 
were inferior to an augite-pigeonite model. A 
single-plagioclase model was as good as a mod- 
el with two plagioclases of different composition 
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(such as different unit-cell parameters or Na-Ca 
site occupancies), so only a single plagioclase was 
used. However, we cannot exclude the presence 
of multiple or zoned pyroxene, olivine, and pla- 
gioclase compositions. Refinements also clarified 
the minor mineral species and their abundances 
and allowed exclusion of many possible miner- 
als. The presence of minor phases was evaluated 
individually by including each in the model and 
evaluating their effect on the fit (Fig. 2). All three 
scoop samples produced similar results, although 
changes in the XRD pattern for scoop three as 
a function of time suggested that sample was 
ejected from the XRD sample cell by vibra- 
tion, and these data were not used. The 20 values 
given in Table 1 are from the Rietveld refine- 
ment; they show that several minor phases are 
questionable, with errors close to or exceeding the 
refined values. Refined unit-cell parameters for 
the major phases (Table 2) were used to estimate 
the compositions of these phases by comparison 
with literature values (75). Such comparisons gave 
(Mgo.62(3)Feo.38)2SiO4 for the composition of the 
olivine mineral (parenthetical numbers in the sub- 
scripts refer to standard errors from fits of our unit- 
cell parameters to literature values and do not 
consider the errors on refined unit-cell parame- 
ters). This composition agrees well with the refined 
Mg-Fe site occupancies, (Mgo,643)F eo 36)2Si104. The 
plagioclase unit-cell parameters gave a composition 
of (Cag 5713)Nao.43)(Alj 57Si2.43)O, which does not 
agree with the refined site-occupancy data (close to 
the Na end-member composition). We consider the 
unit-cell parameter trends to be more reliable than 
the site occupancy information, which is based on 
diffracted intensities over the short angular range 
(<55° 26) provided by CheMin. In addition, dif- 
fraction intensities may have been affected by 
preferred crystallite orientation. Although we did 
not use a preferred orientation correction in our 


Fig. 1. CheMin 2D XRD pattern of scoop 5, rep- 
resenting 26.9 hours of integration time. Image 
contrast has been enhanced and colorized to 
emphasize the Debye diffraction rings. The black 
semicircle at the bottom is the shadow of the 
beam stop. 
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Fig. 2. Rietveld refine- 
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Table 1. Crystalline components (amorphous- 
free, normalized to 100%) of the Rocknest 
scoop 5 soil. 


Mineral Weight (%) 20 (%) 
Plagioclase (~An57) 40.8 2.4 
Forsterite (~Fo62) 22.4 1.9 
Augite 14.6 2.8 
Pigeonite 13.8 2.8 
Magnetite 2.1 0.8 
Anhydrite 15 0.7 
Quartz 1.4 0.6 
Sanidine* 1.3 1.3 
Hematite* 1,1 0.9 
Ilmenite* 0.9 0.9 


*At or near detection limit 


final refinements, we did see indications of minor 
orientation effects in the data, as evidenced by 
small improvements in Rietveld fits when a 
preferred orientation correction was used for pla- 
gioclase. Refined unit-cell parameters for pigeonite 
gave a composition of (Mg, 13F eo ¢gCao,19)Si20¢, 
compared with octahedral site-occupancy refine- 
ment results of (Mg) 7115)F€o,13C a0 16) S06. Refined 
unit-cell parameters for augite gave a composition 
of (Mgog810)F€0.37 Cao,754))Si20¢, which is broadly 
consistent with octahedral site-occupancy refine- 
ment results of (Mgo.5x 15)F€,71Cag 71)S1206. Unit- 
cell parameters suggest atomic Mg:Fe ratios for 
augite and pigeonite of 2.4 and 1.7, respectively. 
Comparable ratios imply the two pyroxenes origi- 
nated from the same magma, rather than having 
experienced post-crystallization alteration (such as 
pigeonite inversion) or being from different source 
regions (/6). 

We also evaluated the presence of a variety of 
Ca-, K-, Fe- and Mg-sulfates; halides; Ca-, Mg-, 
and Fe-carbonates; phosphates; and Ca- and Mg- 
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perchlorates (many of these hydrated). It is straight- 
forward to include each of these phases in the 
Rietveld model and evaluate its potential contri- 
bution to the diffraction pattern, both visually and 
based on the fit parameter (R,,p). Using this ap- 
proach, we found no evidence for the presence 
of any of these phases, other than those listed in 
Table 1, several of which have 26 uncertainties 
greater than the refined abundances. If halides, 
perchlorates, carbonates, phosphates, or other 
sulfate phases are present as crystalline phases, 
they are below the detection limits of the CheMin 
instrument [1 to 2 weight percent (wt %)]. Al- 
though data from the Sample Analysis at Mars 
(SAM) instrument suite suggest the presence of 
a small amount of perchlorate (0.3 to 0.5 wt %) in 
the Rocknest soil (17, 78), models that included 
Mg-perchlorate‘6H,O and Ca-perchlorate-4H,O 
refined to 0 wt % for these phases; thus, we find 
no diffraction evidence for either of these phases. 


Amorphous or Poorly Ordered Components 


The elevated background in the 15 to 40° 20 range 
in Fig. 2 results from the presence of one or more 
amorphous or poorly ordered components. The 
low-angle background is also elevated signifi- 
cantly above that seen with empty cells. Hence, 
we also analyzed the CheMin XRD data using a 
modified version of the FULLPAT program (/9), 
which allows direct determination of the abun- 
dance of amorphous components. The FULLPAT 
analyses explicitly used patterns for both ordered 
and amorphous phases, and the entire diffraction 
patterns, including background, were fit. The 
abundances of crystalline and amorphous phases 
(Table 3) were normalized to sum to 100 wt % 
in accordance with the adiabatic method (20), 
and scoops four and five gave an average amor- 
phous content of 27 wt %. The uncertainty on 
individual amorphous values may be as high as 


50 wt % relative. Of the amorphous standards in- 
cluded in the analysis, only one allophane and a 
basaltic glass gave positive concentrations. The 
materials used as standards for amorphous mate- 
rials were chosen as reasonable representatives 
of expected materials in the Mars aeolian bedform. 
However, the exact nature of the amorphous com- 
ponent remains unclear. Although a synthetic SO3- 
and Cl-free Gusev-composition basaltic glass 
was the dominant amorphous component in our 
FULLPAT fit, it may be just one of many amor- 
phous components that have similar XRD pat- 
terns, and these analyses do not unambiguously 
identify the amorphous component (or compo- 
nents). Similarly, allophane may be an XRD sur- 
rogate for another amorphous phase such as the 
Fe**-bearing phase hisingerite, and the sample 
may contain a small amount of such material. 
The Rocknest soil contains glassy-luster spherules 
that may have an impact or pyroclastic origin (2/), 
but our results do not necessarily indicate that 
the amorphous component in Rocknest soil is 
dominated by basaltic glass; other observations 
suggest otherwise. MER Mossbauer analyses of 
basaltic soils from Gusev and Meridiani show sub- 
stantial abundances of an amorphous phase con- 
taining Fe** [generically referred to as nanophase 
ferric oxide (npOx)] (7), and taken together, the 
MSL CheMin and SAM data suggest that the 
Gusev amorphous phase (or phases) is volatile 
rich (containing, for example, H.O/OH or SO3) 
(18). The abundances (Table 1) and chemistry 
(from unit-cell parameters) of the crystalline 
phases identified by CheMin, coupled with mass- 
balance considerations from APXS analyses of 
Rocknest soil, suggest that the amorphous com- 
ponent is SO3- and Cl-bearing (//, 22). Last, if 
MER-like levels of Fe** are present in Rocknest 
soil, then the amorphous component must also 
be the carrier of the Fe** (with the exception of 
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Table 2. Refined unit-cell parameters for major 
crystalline phases in the Rocknest soil (scoop 
five). 


Mineral Unit-cell parameter Value (ESD) 
Forsterite a (A) 10.327 (7) 
b (A) 6.034 (7) 
c (A) 4.771 (5) 
Plagioclase a (A) 8.177 (6) 
b (A) 12.868 (9) 
c (A) 7.113 (5) 
a. (degrees) 93.43 (4) 
B (degrees) 116.26 (2) 
y (degrees) 90.13 (3) 
Pigeonite a (A) 9.652 (9) 
b (A) 8.92 (1) 
c (A) 5.254 (7) 
B (degrees) 108.0 (1) 
Augite a (A) 9.782 (9) 
b (A) 8.939 (9) 
c (A) 5.269 (7) 
B (degrees) 106.25 (9) 


Table 3. Amorphous contents (wt %) from 
FULLPAT analyses of scoops 4 and 5. 


Scoop 4 Scoop 5 
Gusev-composition 23 25 
basaltic glass 
Allophane-like material 3 2 
Total 26 27 


magnetite and possible hematite) that is respon- 
sible for the reddish color of the soil (/4, 22). We 
did not have access to a pure sample of npOx 
for use as a standard in FULLPAT analyses and 
cannot exclude this from the amorphous phase 
inventory in these samples. 


Discussion 


Our XRD data reveal a rich inventory of crystal- 
line and amorphous phases in Rocknest soil and 
provide insight into chemical and physical weath- 
ering processes on Mars. The crystalline compo- 
nent is dominated by plagioclase, olivine, augite, 
and pigeonite, which is consistent with and con- 
firms a variety of previous orbital and lander analy- 
ses (2, 3, 5—9). This assemblage, particularly the 
Fe-rich forsterite and the presence of a substan- 
tial amorphous component, is consistent with lim- 
ited aqueous alteration, similar to conclusions 
from the Phoenix lander (23). We found no XRD 
evidence for zeolite minerals, which were pre- 
viously proposed (24) as an alternative to 
feldspar in martian dust. CheMin is sensitive to 
the presence of zeolite minerals because their ma- 
jor diffraction peaks lie in an angular range with 
few or no other peaks. The presence of pigeonite 
and the similarity of the augite and pigeonite 
Fe:Mg ratios imply that the crystalline com- 
ponent results from the near-surface crystalliza- 
tion of basaltic lavas as opposed to formation in 
plutonic rocks. The crystalline component is 
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very similar to normative basalt mineralogies 
calculated from Gusev APXS data (25) and is 
also qualitatively similar to mineralogies of martian 
basaltic meteorites (/6). Although hydrous phyl- 
losilicates (such as smectites) have been identified 
on the martian surface through orbital spectral 
data, the XRD data did not reveal any phyllo- 
silicate in this soil. The absence of smectites is 
somewhat surprising because orbital spectral 
data suggest the presence of smectites in and 
around Gale crater (26). Because diffraction peaks 
from typical phyllosilicates (such as smectites) gen- 
erally are quite broad, our detection limits for 
such minerals are comparatively poor, prob- 
ably on the order of at least 5%. The lack of any 
detectable hydrated crystalline phase is impor- 
tant, as is the lack of detectable crystalline sul- 
fate (other than minor anhydrite), perchlorate, or 
chloride phases. This result, coupled with the 
observation with the SAM instrument of volatile 
evolution (/8), implies that virtually the entire 
volatile inventory of the Rocknest soil is asso- 
ciated with the amorphous component, an im- 
portant detail that previous investigations were 
unable to detect. By combining these quantita- 
tive XRD results with compositional estimates 
from unit-cell parameters and bulk chemistry, it 
has been possible to determine the chemical 
compositions of the major phases, including that 
of the amorphous component (or components) 
(11). With the exception of the S content, the 
amorphous component (or components) are re- 
markably similar to those found on Earth in vol- 
canic soils, such as those on the flanks of Mauna 
Kea volcano, Hawaii (27). The CheMin XRD re- 
sults should be applicable to previous and future 
soil measurements on Mars because soil compo- 
sitions from many different measurements at sev- 
eral locales appear so similar (28). In addition, 
these data provide critical ground-truth information 
on martian soils and expand our understanding 
of the fine-grained component on the martian 
surface. 


Materials and Methods 


Samples and Measurements 


Scoops three, four, and five of the soil were in- 
troduced into the Collection and Handling for 
In situ Martian Rock Analysis (CHIMRA) sam- 
ple processing system on Curiosity. Each scoop 
sample was passed through a 150-m sieve (thus 
excluding the coarser-grained material visible 
in images of the bedform) before delivering a 
portion to the CheMin inlet funnel. Scoops one 
and two were used to clean the CHIMRA sys- 
tem and were not introduced into Curiosity’s 
instruments. 

Scoops three and four were placed into a 
sample cell with 10-m-thick Kapton (Dupont, 
Wilmington, Delaware) windows, and scoop 
five was placed into a cell with 6-t1m-thick Mylar 
(Dupont, Wilmington, Delaware) windows. Both 
types of cells have the potential to contribute broad 
scattering signatures to the diffraction patterns. 
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In addition, an aluminized light shield also con- 
tributes “peaks” to the observed diffraction pat- 
terns. Kapton contributes a broad peak centered 
at~15 A, whereas Mylar has a very small amount 
of scattering at low angles. Mylar cells are there- 
fore preferred when searching for diffraction 
signatures from phyllosilicates or other materials 
having diffraction peaks at low angles. Only ~10 
mm of material is required to fill the active por- 
tion of the sample cell, which is a disc-shaped vol- 
ume 8 mm in diameter and 175 um thick. The 
collimated ~70 tm diameter x-ray beam illumi- 
nates the center of the sample cell. A piezoelectric 
vibration system on each cell shakes the material 
during analysis, causing all of the grains in the 
cell to pass through the x-ray beam in random 
orientations over the time course of an analysis. 

CheMin measures XRD and x-ray fluorescence 
(XRF) data simultaneously using Co radiation in 
transmission geometry (29). The instrument op- 
erates in single-photon counting mode so that the 
majority of CCD pixels are struck between each 
readout by either a single x-ray photon or by no 
photons. In this way, the system can determine 
both the energy of the photons striking the CCD 
(XRF) and the 2D position of each photon (XRD) 
(29). The energy and positional information of 
detected photons in each frame are summed over 
repeated 10-s measurements into a “minor frame” 
of 30 min of data (180 frames). CheMin collects 
as many minor frames as possible for the avail- 
able analysis time, which is usually five to seven 
per night, and these are summed to create one 
data file for each night of data collection. The 2D 
distribution of Co Ko x-ray intensity represents 
the XRD pattern of the sample (Fig. 1), and cir- 
cumferential integration of these rings, corrected 
for arc length, produces a conventional 1D XRD 
pattern. CheMin generally operates for only a 
few hours each night during which time the CCD 
is at its lowest temperature. Thus, XRD data were 
acquired over multiple nights for each scoop sam- 
ple to provide acceptable counting statistics. Data 
were measured for 3.8 hours (scoop 3), 15.7 hours 
(scoop 4), and 26.9 hours (scoop 5). The data for 
individual minor frames and for each night’s 
analyses were examined separately, and there was 
no evidence of any changes in instrumental pa- 
rameters as a function of time over the duration of 
these analyses. Before analysis of each new scoop, 
measurements were made of the empty cell to 
confirm that it was indeed empty before receiving 
the sample. We calibrated the flight instrument 
on the ground before flight using a quartz-beryl 
standard, and measurement of this standard on 
Mars showed no changes in instrument geometry 
or dimensions. 


Crystalline Components 

All XRD data were first evaluated by comparisons 
and searches of the International Centre for Dif- 
fraction Data (ICDD) Powder Diffraction File 
using Bruker AXS DIFFRAC.EVA (Bruker AXS, 
Karlsruhe, Germany, 2000) and MDI Jade (Ma- 
terials Data Incorporated, Livermore, California) 
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software packages, which revealed the pres- 
ence of plagioclase feldspar, forsteritic olivine, 
augite, and another pyroxene. There was no evi- 
dence of any phyllosilicate, which would have 
produced diffraction peaks at low angles (5 to 
15° 20). The comparatively large instrumental 
peak widths for the CheMin instrument (~0.3° 
20 full-width at half-maximum at 25° 20) lim- 
ited our ability to determine accurately the pres- 
ence of minor crystalline phases (<3 wt %). The 
data were analyzed further via Rietveld meth- 
ods, using Topas (Bruker AXS, 2000). We used 
the fundamental-parameters approach within 
Topas, along with additional convolutions, to 
model the experimental profiles. We also used 
an emission spectrum including Co Ka, witha 
refinable Co KB component. The Rietveld method 
involves constructing a model consisting of the 
crystal structures of all component phases, and 
the differences between the observed and 
simulated diffraction patterns are minimized by 
varying components of the model, including scale 
factors (related to phase abundance), unit-cell 
parameters, and crystallite-size and strain broad- 
ening parameters for each phase. Atomic posi- 
tions and site occupancies were generally not 
varied, although octahedral site occupancies were 
varied for forsteritic olivine, augite, and pigeon- 
ite, and Na-Ca occupancies were varied for the 
plagioclase component. This method thus pro- 
vides information on all well-ordered phases (crys- 
talline phases), but it is not directly applicable to 
disordered phases such as clay minerals or amor- 
phous components. 


Amorphous or Poorly Ordered Components 


FULLPAT operates on the principle that diffrac- 
tion and scattering patterns for all phases in a 
sample are additive. By fitting full diffraction 
patterns—including the background, which con- 
tains important information on sample compo- 
sition and matrix effects—explicit analysis of 
amorphous or partially ordered materials can 
often be readily accomplished if the amorphous/ 
disordered phases are included in the analyses 
as distinct phases. Thus, FULLPAT allows direct 
analysis of the abundance of amorphous com- 
ponents, rather than determining them as the 
difference from 100 wt % in an internal stan- 
dard quantitative analysis. Like all full-pattern 
fitting methods, accurate analysis requires repre- 
sentative standards or structure models. A large 
variety of pure mineral standards, disordered 
materials (allophanes, ferrihydrite, and alumi- 
nosilicate gels), and a synthetic basaltic glass 
of Gusev composition were measured. Each of 
these was run as a pure phase and was also mixed 
with a beryl standard in a 50:50 weight ratio to 
determine a reference intensity ratio (RIR) for 
subsequent use in FULLPAT (30, 3/). All stan- 
dard data were measured on a CheMin IV instru- 
ment at the NASA Johnson Space Center; the 
CheMin IV instrument geometry is very similar to 
the instrument on MSL and is considered a good 
proxy for the flight instrument. Peak areas for each 
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phase were compared against the intensity of 
the beryl 100 reflection, and the measured beryl 
RIR of 1.70 relative to corundum (measured on 
a laboratory instrument) was used to convert the 
RIR(beryl) to the conventional RIR(corundum) 
value. During FULLPAT analysis, the intensity 
of each standard pattern was normalized to the 
intensity of a pure pattern of corundum used as 
datum. Thus, using this corundum datum 113 re- 
flection intensity and the measured RIR for each 
standard phase, the pattem of each disordered phase 
could be normalized to the appropriate overall in- 
tensity based on its measured intensity area used 
for RIR determination. 

Because few standard data for pure phases 
have been measured on the CheMin flight in- 
strument, an alternate method for calculating stan- 
dard data representative of the MSL CheMin 
instrument was often used. This process involved 
first determining instrumental peak shapes and 
widths as function of 20 by using the beryl stan- 
dard measured on the MSL instrument. We then 
calculated diffraction patterns for each standard 
using the appropriate crystal structure informa- 
tion and the instrumental profiles determined above 
for Co Ka radiation. The final step in calcula- 
tion of standard data for FULLPAT was to nor- 
malize the intensity of the calculated pattern to 
the corundum datum pattern by using the cal- 
culated RIR as outlined above. The scaled mea- 
sured and calculated library patterns, for both 
ordered and amorphous phases, were then used 
with FULLPAT. 
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Curiosity at Gale Crater, Mars: 
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of the Rocknest Sand Shadow 
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The Rocknest aeolian deposit is similar to aeolian features analyzed by the Mars Exploration 
Rovers (MERs) Spirit and Opportunity. The fraction of sand <150 micrometers in size contains 
~55% crystalline material consistent with a basaltic heritage and ~45% x-ray amorphous material. 
The amorphous component of Rocknest is iron-rich and silicon-poor and is the host of the volatiles 
(water, oxygen, sulfur dioxide, carbon dioxide, and chlorine) detected by the Sample Analysis at 
Mars instrument and of the fine-grained nanophase oxide component first described from 
basaltic soils analyzed by MERs. The similarity between soils and aeolian materials analyzed at 
Gusev Crater, Meridiani Planum, and Gale Crater implies locally sourced, globally similar 
basaltic materials or globally and regionally sourced basaltic components deposited locally at 


all three locations. 


Curiosity began exploring the surface of 

Mars on 6 August 2012 (universal time co- 
ordinated); until 13 September 2012, it conducted 
an initial engineering checkout of its mobility sys- 
tem, arm, and science instruments. Curiosity spent 
sols 57 to 100 (/) at a location named Rocknest, 
collecting and processing five scoops of loose, un- 
consolidated materials extracted from an aeolian 
sand shadow (2). 

Five scoops of material from the Rocknest 
sand shadow were individually collected and 
sieved (<150 um) by the Sample Acquisition, 
Sample Processing and Handling—Collection 
and Handling for In situ Martian Rock Analysis 
(SA/SPaH-CHIMRA) instrument (3). Scoops 1 and 
2 were processed by CHIMRA and discarded 
to reduce (by entrainment and dilution) any ter- 
restrial organic contamination that may have 
remained after a thorough cleaning on Earth (4) 
and to coat and passivate the interior surfaces of 
the collection device with Mars dust. Portions 
(40 to 50 mg) of scoops 3 and 4 were delivered 
to the Chemistry and Mineralogy (CheMin) in- 
strument (5) and the “observation tray,” a 7.5-cm- 
diameter flat Ti-metal surface used for imaging 
and analyzing scooped and sieved material with 
Curiosity’s arm and mast instruments. Portions of 
scoop 5 were delivered to both CheMin and the 
Sample Analysis at Mars (SAM) quadrupole mass 
spectrometer/gas chromatograph/tunable laser 
spectrometer suite of instruments (6). 

We describe the physical sedimentology of 
Rocknest and suggest possible sources for the 


Ts Mars Science Laboratory (MSL) rover 
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material making up the sand shadow. We use 
Alpha-Particle X-ray Spectrometer (APXS) and 
CheMin data to determine the amounts and chem- 
istry of the crystalline and amorphous components 
of the sand shadow and compare these results with 
global soil measurements from the Mars Explora- 
tion Rovers (MERs) and to basaltic martian mete- 
orites analyzed on Earth. 


Results 


Description and Interpretation of the 
Rocknest Sand Shadow 


The Rocknest sand shadow (7) is an accumula- 
tion of wind-blown sediment deposited in the 
lower-velocity lee of an obstacle in the path of 
the wind. The orientation of the sand shadow in- 
dicates that the constructive winds were from the 
north. The surface is composed of dust-coated, 
predominantly rounded, very coarse (1- to 2-mm) 
sand grains (Fig. 1A). Trenches created during 
the scooping show that these larger grains form 
an armored surface ~2 to 3 mm in thickness (Fig. 
1B). Beneath the armored surface, the bedform 
interior consists of finer-grained material whose 
size distribution extends through the resolution 
limit of Mars Hand Lens Imager (MAHLI) im- 
ages (~30 um per pixel under the conditions of the 
observation) (8). Because of CHIMRA’s 150-um 
sieve, the larger grains that armor the surface 
could not be analyzed by CheMin. 

Coarse sand grains that fell from the crust 
into the scoop-troughs lost their dust coating 
and show diversity in color, luster, and shape. 
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Among the grains are gray and red lithic frag- 
ments, clear/translucent crystal fragments, and 
spheroids with glassy luster (Fig. 1C). Some grains 
showed bright glints in the martian sunlight, 
suggesting specular reflections from mineral crys- 
tal faces or cleavage surfaces [similar features 
were observed by the optical microscope on board 
the Mars Phoenix Lander (9)]. MAHLI images 
of a sieved portion of material deposited on the 
observation tray (3) showed a variety of particle 
types from clear to colored to dark, angular to 
spherical, and dull to glassy-lustered (Fig. 1D). 
During the scooping process, fragments of the 
armored surface were cohesive to the extent that 
“rafts” of surface crust were laterally compressed 
and displaced forward, and fragments of the crust 
fell into the scoop hole as cohesive units (Fig. 1B). 
The surface crust was also fractured and broken 
into rafts during scuffing by rover wheels (a pro- 
cess by which an excavation is made into the sub- 
surface of unconsolidated regolith by rotating a 
single rover wheel). Material beneath the crust 
also had some cohesion, as shown by the over- 
steep walls of the scoop scars (much greater than 
the angle of repose and vertical in some cases). 
The sand shadow has a discernible internal 
structure. On the headwall and flanks of each 
scoop trench, a lighter-tone layer is apparent 
~1 cm beneath and parallel to the dune surface 
(Fig. 1B). The origin of the layering is not un- 
derstood, and three hypotheses are viable. First, 
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the layering may represent changes in bulk com- 
position or grain size that occurred during dep- 
osition. Second, the layering may be the result 
of changes in oxidation state or other chemical 
properties that occurred after deposition, in which 
case the conformable nature of the banding and 
the surface of the sand shadow reflect depth- 
dependent postdepositional chemical processes. 
Finally, the layering may represent zones richer 
or poorer in light-toned dust, reflecting times of 
lesser or greater sand accumulation relative to 
the air-fall dust. 

The aeolian bedform at Rocknest is quite sim- 
ilar to coarse-grained ripples encountered at Gusev 
by the MER Spirit (70, 7/) and at Meridiani 
Planum by the MER Opportunity (/2, /3) in that 
a coarse-grained, indurated, dust-coated surface 
overlies an interior of markedly finer sediment. 
Coarse-grained ripples on Earth typically consist 


A 
Rocknest 


Scoop 1-Sol 61 - 7 Oct 2012 
Scoop 2—Sol 66 — 12 Oct 2012 


of a surface veneer of coarse grains and a finer- 
grained interior (7, /4), and the martian bed- 
forms have been considered analogous features 
(13, 15). The spatial grain-size sorting within 
coarse-grained ripples is thought to arise because 
of the short grain excursion length of the coarse 
grains traveling in creep and the much longer ex- 
cursion length of finer saltating grains (/6). With 
ripple migration, coarse grains are recycled through 
the bedform and become concentrated on the 
ripple surface, where impacts from saltating grains 
tend to buoy the grains upward. 

Although the dynamics of sand shadows dif- 
fer from those of coarse-grained ripples, and sand 
shadows on Earth do not characteristically show 
a coarse-grained surface, similar dynamics may 
arise owing to the mix-load transport of grains in 
creep and saltation. Alternate interpretations are 
also possible. First, the coarse-grained surface 
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Fig. 1. The Rocknest sand shadow, where Cu- 
riosity spent sols 57 to 100 conducting engi- 
neering tests and science observations of the 
material. (A) Mosaic of 55 MAHLI images show- 
ing Curiosity parked on the east side of the Rocknest 
sand shadow during the sampling campaign on sol 
84. The location of each of the five scoops is indi- 
cated. The inset is a portion of Mars Reconnaissance 
Orbiter High Resolution Imaging Science Experiment 
image ESP_028678_1755 showing the Rocknest 
sand shadow as seen from about 282 km above 
the ground. (B) MAHLI image of third scoop trench, 
showing the dust-coated, indurated, armoring layer 
of coarse and very coarse sand and underlying darker 
finer sediment. (C) MAHLI image of Rocknest sand 
shadow surface disrupted by the rover's front left 
wheel on sol 57. The larger grains came from the 
armoring layer of coarse sand on the sand shadow 
surface. (D) MAHLI image of a <150-m sieved por- 
tion from the third scoop; grains similar to those 
delivered to the CheMin and SAM instruments, de- 
livered to Curiosity’s Ti observation tray. 
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could represent a lag formed as winds deflated 
finer grains. However, the paucity of coarse grains 
within the interior indicates that an unreasonable 
amount of deflation would have had to occur to 
produce the veneer. Second, the coarse-grained 
veneer could represent the terminal growth phase 
of the bedform. Because the size of a sand shad- 
ow is fixed by the upwind obstacle size (/7), 
once the terminal size is approached, the lower 
wind speeds that characterize the wake and allow 
for deposition of finer sediment are replaced by 
wind speeds that approach the unmodified (pri- 
mary) winds. At this point, there would be se- 
lective deposition of coarse grains traveling in 
creep, whereas finer saltating grains would by- 
pass the bedform. Third, the sand shadow could 
have formed largely by the more readily trans- 
ported fine saltation load, but as the area became 
depleted in finer grains, more of the residuum of 


fine grains from sand shadow 


interior embay larger surface grains 
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coarser grains would be incorporated into trans- 
port, with the coarse-grained surface arising through 
subsequent deflation. 

None of these interpretations explains the gen- 
eral absence of observed coarse grains in the in- 
terior; the contrast in grain size between the surface 
and the interior is more marked in the Rocknest 
sand shadow and in some of the coarse-grained 
ripples observed by MERs than in many Earth 
examples. This may reflect the greater impact en- 
ergy of saltating grains on Mars compared with 
Earth and their ability to transport dispropor- 
tionally larger grains in creep (/8). Regarding the 
apparent absence of interior coarse grains, the small 
scooped areas may not be representative of the en- 
tire bedform, and interior horizons of coarse grains 
could easily have been bypassed. In addition, as seen 
with coarse-grained ripples on Earth, the amount of 
coarse sediment occurring in the interior varies 
and decreases with the supply of coarse grains. 

Regardless of the origin of the coarse-grained 
surface, this armored surface would stabilize 
the bedform during all but the strongest wind 
events. In turn, the armored surface would allow 
time for surface induration to develop, further sta- 
bilizing the sand shadow. The similarity of the 
armoring and induration of the sand shadow at 
Rocknest to coarse-grained ripples encountered 
by Spirit and Opportunity suggests that the pro- 
cesses of grain transport and stabilization are 
similar across equatorial Mars and that Mars’ 
winds (in recent eras) rarely were strong enough 
to transport sand grains of 1- to 3-mm diam- 
eter. To move the grains at the current atmo- 
spheric pressure of 0.02 kg/m’, the wind velocities 
would need to be ~36 m/s (80 mph) and ~52 m/s 
(116 mph), with and without saltation, respec- 


tively. Under conditions of high obliquity, dur- 
ing which time the atmospheric pressure could 
increase to 0.04 kg/m’, these values would de- 
crease to 26 m/s (58 mph) and ~37 m/s (83 mph), 
respectively (see Materials and Methods). The 
potential antiquity of the Rocknest sand shadow 
is highlighted by comparing it with granule ripples 
on Meridiani Planum, where cratering postdates a 
field of pristine granule ripples and the crater count 
suggests an age of 50,000 to 200,000 years (79). 


Mineralogy of the Rocknest Sand Shadow 


Analysis and interpretation of the mineralogy of 
the Rocknest sand shadow is given in Bish et al. 
(20). Rocknest consists of both crystalline and 
x-ray amorphous components. The crystalline 
component is basaltic, composed of plagioclase 
feldspar, forsteritic olivine, and the pyroxenes 
augite and pigeonite (20). All of the minor phases 
are consistent with a basaltic heritage, with the 
exception of anhydrite and hematite. By constrain- 
ing the compositions of the individual crystalline 
phases on the basis of their measured unit-cell 
parameters, the chemical compositions of the 
minerals of Rocknest were determined (2/, 22). 

The crystalline component of Rocknest is 
chemically and mineralogically similar to that 
inferred for martian basalts across the planet 
and many of the basalts found in martian me- 
teorites (Table 1) and, apart from somewhat 
lower Fe and K, broadly similar to estimates of 
the average martian crust (23). These basalts all 
contain (or have chemical compositions consist- 
ent with) the minerals olivine, augite, pigeonite, 
and plagioclase feldspar. The mineral propor- 
tions of the crystalline component of Rocknest 
are virtually identical to those calculated for the 
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unaltered Adirondack class basalts from Gusev 
Crater (CIPW normative mineralogy from their 
APXS analyses) (Table 1) (24, 25). Chemically, 
the mafic minerals of the Rocknest sediment (oli- 
vine, augite, and pigeonite) are all consistent with 
high-temperature chemical equilibria among Ca, 
Fe, and Mg at 1050 + 75°C (Fig. 2). This con- 
sistency with chemical equilibria suggests, but 
does not prove, that these minerals and the plagio- 
clase feldspar all derived from a common basaltic 
source rock, which was broken down into indi- 
vidual grains or lithic fragments and transported 
to Rocknest from regional source areas. 


Bulk Chemistry of the Rocknest 
Sand Shadow 


APXS provided an independent means of deter- 
mining bulk chemistry of material in the Rock- 
nest sand shadow. A measurement was made in 
a wheel scuff named Portage, which was largely 
devoid of surface crust (Fig. 1A). The chemical 
composition (taking into account analytical un- 
certainty) is within 2 SD of MER APXS analyses 
of basaltic soils (Table 2). The APXS chem- 
istry of basaltic soils analyzed by the MERs at 
Gusev Crater and Meridiani Planum landing sites 
(Table 2) are within 1 SD of each other except 
for MgO and Na,O, which are the same within 
2 SD (24-28). The MER compositional averages 
exclude soils that contain a substantial local com- 
ponent (high SO; and high SiO, for Gusev and 
high Fe,O3 for Meridiani). The near identity of 
compositions of the Rocknest, Gusev, and Merid- 
ian basaltic soils implies either global-scale mix- 
ing of basaltic material or similar regional-scale 
basaltic source material or some combination 
thereof. 


Table 1. Mineralogy of Rocknest soil [CheMin x-ray diffraction (XRD)] 
and normative mineralogies of basaltic materials from Gusev Crater 
and of martian meteorites. (Rocknest data are amorphous-free values.) 
Rocknest soil by CheMin (20), average of scoop 5, proportions of crystalline 
phases normalized to 100%; values in italics uncertain. CIPW norms (weight) for 
Gusev basaltic materials from MER APXS chemical analyses (26), ignoring S and 
Cl; Fe?*/Fe;o: for Backstay and Irvine taken as 0.17, the value for an Adirondack 
basalt surface ground flat with the MER Rotary Abrasion Tool (RAT) (26). CIPW 
norms (wt %) of martian meteorites from bulk compositions; Fe?*/Ferot aS 


analyzed for Shergotty and Elephant Moraine (EETA) 79001A, estimated at 
0.1 for Northwest Africa (NWA) 6234 and 0 for Queen Alexandra Range (QUE) 
94201. K-spar is sanidine for the Rocknest soil, and normative orthoclase for 
others. Low-Ca Pyx is pigeonite for the soil and normative hypersthene for 
others. High-Ca Pyx is augite for the soil and normative diopside for others. 
Fe-Cr oxide includes magnetite, hematite, and chromite. All phosphorus in 
analyses are calculated as normative apatite. Mg no. is the % magnesium 
substituting for iron in the olivine structure, An refers to the %o Ca substituting 
for Na in the plagioclase structure. 


Location Gale Gusev Meteorites 

Rocknest - : NWA EETA 
Sample capil ehadaw Adirondack Backstay Irvine Shergotty 6234 79001A QUE 94210 
Quartz 1.4 0 0 0 0.2 0 0 3 
Plagioclase 40.8 39 49 32 23 19 19 32 
K-spar 1,3 a 6 6 A 0.5 0 0 
Low-Ca Pyx 13.9 15 14 21 46 30 47 15 
High-Ca Pyx 14.6 15 5 13 25 16 16 38 
Olivine 22.4 20 15 16 0 27 13 0 
Fe-Cr oxides 3.2 6 4 6 3 4 2 0 
Ilmenite 0.9 1 2 2 2 2 1 4 
Apatite - al 3 2 2 2 1 6 
Anhydrite 1.5 
Mg no. 61 + 3 57 62 55 51 63 63 40 
An 57 +3 42 29 19 51 50 60 62 
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In contrast to the APXS measurement at 
the Portage wheel scuff, both CheMin and SAM 
measurements were carried out on the sieved, 
<150-um-size fraction of soil. To discriminate 
potential differences between the fines deliv- 
ered to CheMin and SAM and the bulk material 
analyzed in the wheel scuff, APXS chemistry 
was obtained from portions of sieved material 
deposited on the observation tray. APXS spectra 
from the bulk and sieved material are nearly iden- 
tical, with the exception of a prominent Ti peak 


and increased background from the observation 
tray (reflecting Ti metal of the tray). Addition- 
ally, Ca, Mn, and Fe signals in spectra from the 
observation tray are lowered proportionally as 
a function of their atomic number, which sug- 
gests that a fraction of these grains is smaller 
than the APXS sampling depth (29). Slightly ele- 
vated S and Cl, with a S/Cl ratio similar to that 
found in soils by MERs (30), suggest a potential 
enrichment of these two elements in the <150-um 
fraction delivered to the observation tray. 
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Fig. 2. Pyroxene compositional quadrilateral, showing the chemical and thermal relations be- 
tween the major igneous minerals in the Rocknest sand shadow. Compositions of augite, pigeonite, 
and olivine in the Rocknest dune material, plotted on the pyroxene quadrilateral. En, enstatite, Mg2Siz0<; 
Di, diopside, CaMgSiz0¢; Hd, hedenbergite, CaFeSiz0,; and Fs, ferrosilite, Fe2Si,0,. Pyroxenes are plotted 
within the quadrangle, based on CheMin XRD unit-cell parameters; olivine is plotted below the quad- 
rilateral at the appropriate molar Mg/Fe ratio (20). Ellipses for each mineral approximate the uncer- 
tainties in mineral compositions from their unit-cell parameters. Gray background lines represent the 
surface of the pyroxene solvus, with temperatures in °C (40). Red lines are approximate equilibrium tie 
lines from the augite centroid composition to compositions of olivine and pigeonite, based on similar 
tie lines in an equilibrated anorthosite in lunar sample 62236 (41). 


En 90 70 


—— 
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Table 2. Basaltic soil compositions from APXS analyses for Rocknest Portage, Gusev Crater, 
and Meridiani Planum. 


Rocknest Gusev Meridiani 
Number 1 4st agt 
SiO, (wt %) 42.88 + 0.47 46.1 + 0.9 45.7 +1.3 
TiO, 1.19 + 0.03 0.88 + 0.19 1.03 + 0.12 
Al,O3 9.43 + 0.14 10.19 + 0.69 9.25 + 0.50 
Cr203 0.49 + 0.02 0.33 + 0.07 0.41 + 0.06 
Fe,03 + FeO 19.19 + 0.12 16.3 +11 18.8 + 1.2 
MnO 0.41 + 0.01 0.32 + 0.03 0.37 + 0.02 
MgO 8.69 + 0.14 8.67 + 0.60 7.38 + 0.29 
CaO 7.28 + 0.07 6.30 + 0.29 6.93 + 0.32 
Na20 2.72 + 0.10 3.01 + 0.30 2.21 + 0.18 
K20 0.49 + 0.01 0.44 + 0.07 0.48 + 0.05 
P20; 0.94 + 0.03 0.91 + 0.31 0.84 + 0.06 
SO3 5.45 + 0.10 5.78 = 1.25 5.83 + 1.04 
cl 0.69 + 0.02 0.70 + 0.16 0.65 + 0.09 
Br (g/g) 26+6 53 +46 100 + 111 
Ni 446 + 29 476 + 142 457 +97 
Zn 337 +17 270 + 90 309 + 87 
Sum (wt %) 99.85 99.88 99.88 
CVSO3 0.13 + 0.02 0.12 + 0.02 0.11 + 0.01 


*Gellert et al., 2013 (35); analytical uncertainty. T+1SD of average. 
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To determine the amount and composition 
of the amorphous component, mass balance cal- 
culations were performed using the chemical 
composition of the bulk sample, the chemical 
compositions of the individual phases (e.g., pla- 
gioclase, sanidine, and olivine) and the relative 
proportions of those phases in the crystalline 
component. The empirical formulas of the major 
crystalline phases (Table 3) and their chemical 
compositions (table $2) were calculated from 
cell parameter data (20, 21) (table S1). The chem- 
ical formulas and compositions of the minor 
crystalline components were assigned by stoi- 
chiometry (e.g., ilmenite as TiFeO3). The rela- 
tive proportions of amorphous and crystalline 
components and their respective bulk compo- 
sitions are summarized in Table 4, with Rocknest 
having ~45 weight percent (wt %) amorphous 
and ~55 wt % crystalline components (3/). The 
chemical compositions and proportions of amor- 
phous and crystalline components were calculated 
on a light-element-—free basis. The relative propor- 
tion of the amorphous component will in reality 
be greater than 45 wt % because the volatile in- 
ventory is associated with that component (32). 

Abundance estimates for the x-ray amorphous 
component of a sample may vary considerably, 
depending on the method used for their determi- 
nation. Bish et al. (20), for example, used a full 
pattern-fitting method together with known amor- 
phous standard materials analyzed in the labo- 
ratory to determine the amount of amorphous 
or poorly crystalline material contained in the 
CheMin x-ray diffraction pattern. Their reported 
value of ~27 wt % + 50% (1 SD range of 13 to 
40 wt %), as calculated from diffraction and 
scattering data alone, is somewhat lower than 
the ~45% calculated from mass balance consid- 
erations, but both values are within the combined 
analytical uncertainty of the two techniques. 

The inferred chemical composition of the amor- 
phous component (Table 4) contains ~23% FeO + 
Fe,03, suggesting that ferric nanophase oxide 
{npOx (25, 26, 33)] is present in abundance. 
Similarly, S (principally contained within the amor- 
phous component) is closely associated with the 
npOx in dunes at the MER sites (24, 27) as well. 
Abundances of SO3 and Cl are correlated in soils 
from Gusev and Meridiani, which implies that 
both are associated with npOx in the amorphous 
component because these elements are not asso- 
ciated with Mg, Ca, or Fe in crystalline phases. 
The elements Cr, Mn, and P were associated 
with the amorphous component (Table 4), but 


Table 3. Empirical chemical formulas of the four 
major phases identified in the Rocknest soil 
estimated by crystal-chemical techniques. 


Phase Formula 

Olivine (Mgo.62(3)F€o.38)2$104 
Plagioclase (Cao.57(13)Nao.43)(Ala.57Siz.43)0g 
Augite (Cao.75¢4)Mgo.88(10)Fo.37)Si20¢ 
Pigeonite (Mg1.13(9)Feo.68(10)Cao.19)Si20¢ 
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they could instead be present as crystalline phases 
(e.g., Ca-phosphate and chromite) at abundances 
below the CheMin detection limit and/or as sub- 
stitutional impurities in the major crystalline phases 
(e.g., Mn and Cr in pyroxene). 

The SAM instrument analyzed Rocknest for 
volatile species and organic molecules (32), and 
it detected, in order of decreasing abundance, 
H,0, SO, CO; and O). The crystalline phases, 
aside from a minor anhydrite component, do not 
include these species as a part of their structure, 
so they must either be present in the amorphous 
component or be present in the crystalline com- 
ponent at levels below the XRD detection limit, 
or both. 

ChemCam spot observations in the scoop 
walls of Rocknest are characterized by the strong 
emissions from elemental hydrogen, although 
ChemCam is not sensitive to its bonding state (34). 
Comparison of this result with those of CheMin 
and SAM suggests that ChemCam detections 
of hydrogen most likely correspond to the H,O 
associated with the amorphous component de- 
tected by CheMin. 


Discussion 


Global, Regional, and Local Sources 


The crystalline phases in the Rocknest fines are 
consistent with a basaltic source and fit well 
within the measured qualitative mineralogy of 
basaltic martian meteorites and the normative 
mineralogy of Adirondack class olivine basalts 
at Gusev Crater (25) (Table 1). If the Rocknest 


assemblage of basaltic crystalline and amorphous 
components is locally derived, it is distinct from 
mafic float rocks analyzed to date by APXS and 
ChemCam in Gale Crater (34, 35). This obser- 
vation suggests that the similarity in the chem- 
ical compositions of aeolian bedforms (basaltic 
soil) at Gale, Gusev, and Meridiani (Table 2) 
might result from global-scale aeolian mixing 
of local-to-regional basaltic material that may 
or may not have variable chemical composi- 
tions. This process would require sufficiently 
strong winds occurring with sufficient frequen- 
cy over a long enough time to achieve global or 
regional-scale transport of grains by saltation and 
suspension. 

An alternative explanation for the compara- 
ble chemical compositions of aeolian bedforms 
at Gale, Gusev, and Meridiani is that the chem- 
ical compositions of martian basalts are similar 
at regional scales everywhere on the planet. The 
Rocknest sand shadow could reasonably have 
locally sourced 1- to 2-mm particles, with finer- 
grained regional basaltic material plus a contri- 
bution from global dust. The similarity of soil 
compositions (Table 2) suggests that the basaltic 
fine-grained materials at Gusev, Meridiani, and 
Gale Crater provide a reasonable approximation 
to the bulk composition of the exposed martian 
crust (36, 37). 

It is tempting to suggest that the light-toned 
martian dust is largely represented by the Rocknest 
amorphous component. However, we have no 
data to show that the <150-um size fraction (clay 
to fine-sand size fraction) of material analyzed 
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by CheMin has its finest material preferential- 
ly enriched in amorphous material. The evi- 
dence from MER for basaltic soils suggests that 
the chemical composition of the fine-grained, 
light-toned soil is approximately the same as the 
coarser-grained, dark-toned soils [e.g., table 10 
in (38)]. 

The central mound of Gale Crater (Mt. Sharp 
or Aeolis Mons) exhibits reflectance spectra sug- 
gesting the presence of crystalline hydrated sul- 
fate minerals and phyllosilicates (39), but neither 
was seen in Rocknest (above the 1 to 2% level). 
The absence of material from Mt. Sharp could 
arise from the wind pattern during formation 
of the Rocknest sand shadow; it is oriented so 
as to imply sediment transport from the north, 
and Mt. Sharp is east and southeast of Rocknest. 


Materials and Methods 


Calculation of Wind Speeds Required 
to Form the Rocknest Sand Shadow 


The wind velocity required to move the coarse 
grains of the sand shadow by creep can be cal- 
culated. The critical shear velocity (ux.) of the 
wind needed to transport 1-mm-diameter (¢) grains 
is given by (42) as 


0.0003 kg/s 
us, = ,| 0.0123 (i + ue) 


iy 


where s =i, /fip, i, is the density of the grains 
using basalt (3000 kg/m), ny is the density of 


Table 4. Chemical composition and proportion of XRD amorphous component in Rocknest Portage from APXS and CheMin data. 


Origin Remove XRD crystalline component* Composition 
APXS+  Plagio- San- v8 : Pigeon- Ilmen- Hema- Mag- _ Anhy- Amor- —Crystal- 
APxs! CheMin ne idine SUMING Augie te ite tite netite dite Quire phous* line 
SiO2, wt Yo 42.88 42.88 30.88 30.42 25.95 21.63 17.51 17.51 17,51 1751 L754, “16.76 37.20 47.59 
TiO, 1.19 1.19 1.19 1.19 1.19 1.19 1.19 0.93 0.93 0.93 0.93 0.93 2.06 0.47 
Al,03 9.43 9.43 2.85 2.72 2.72 2.72 2.72 2.72 2.72 2.72 2.72 2.72 6.04 12.24 
Cr203 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 1.09 0.00 
FeO+Fe,03° 19.19 10.43 10.43 10.43 10.43 10.43 10.43 10.43 1043 10.43 10.43 10.43 23.14 -0.10 
Fe0-Cryst! — 7.37 7.37 7.37 3.31 2.29 0.59 0.35 0.35 0.00 0.00 0.00 -0.01 13.48 
Fe203-Cryst" — 1.39 1.39 1.39 1.39 1.39 1.39 1.39 0.79 0.00 0.00 0.00 -0.01 2.55 
MnO 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.91 0.00 
MgO 8.69 8.69 8.69 8.69 4.97 3.72 2.19 2.19 2.19 2.19 2.19 2.19 4.86 11.86 
CaO 7.28 7.28 4.65 4.65 4.65 3.19 2.87 2.87 2.87 2.87 2.53 2.53 5.61 8.67 
Na20 2.72 2.72 1.62 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 3.56 2.03 
K20 0.49 0.49 0.49 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.89 0.16 
P20; 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 2.09 -0.01 
SO3 5.45 4.96 4.96 4.96 4.96 4.96 4.96 4.96 4.96 4.96 4.96 4.96 11.01 -0.05 
S0;-Cryst® — 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.00 0.00 -0.01 0.90 
cl 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 1.35 -0.01 
Sum 99.77 99.77 77.47 76.77 64.52 56.47 48.80 48.30 47.70 46.55 45.71 44.96 99.77 99.77 
d(FeO+Fe203) 19.19 19.19 = — = _— _— — — — — —_— 23.14 16.03 
(S03) 5.54 5.54 — — — — — — — — — — 11.01 0.90 
Relative to whole sample 22.3 0.7 12.3 8.0 7.6 0.5 0.6 1.2 0.8 0.8 45.3 54.7 
Relative to XRD crystalline 40.8 1.3 22.4 14.6 13.9 0.9 1.1 2.1 1.5 1.4 _ 100.0 


*Plagioclase, An57; Olivine, Fo62; Augite, En44Fs20W036 (Mg/Fe, 2.2 atomic); Pigeonite, En56Fs35Wo8 (Fe/Mg, 1.6 atomic). TAPXS chemistry from Gellert et al. (35). $Cr203 and 
MnO calculated with the amorphous component. §Total Fe as FeO+Fe203 because APXS does not distinguish oxidation states. lIFeO required for Fe?* crystalline phases (olivine, 
augite, pigeonite, ilmenite, and magnetite). iFe203 required for Fe?* crystalline phases (hematite and magnetite). #503 required for crystalline SO3 crystalline phase (anhydrite). 
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Curiosity at Gale Crater 


martian air (0.02 kg/m), and g is the acceleration 
due to gravity (3.71 m/s’). The calculated us, is 
2.6 m/s, which represents the fluid shear veloc- 
ity to initiate motion. Because grains in creep 
derive a portion of their momentum from colli- 
sions by saltating grains, on Earth once saltation 
begins, creep can occur down to 0.7 ux, (1.8 m/s 
as applied to the Rocknest grains), which repre- 
sents the impact threshold for motion. Given a 
boundary layer created by winds blowing over 
the surface, shear velocities can then be related 
to the wind speeds above the surface by the law 


of the wall 
“= “ In (2) 


where wu, is the wind speed at height z above the 
surface (taken here as 1 m), & is a constant of 
0.407, and Zp is the roughness height where the 
idealized logarithmic wind profile is predicted to 
be zero. Roughness height varies by grain size 
and the height of surface features, such as wind 
ripples (7), and also by the height and intensity 
of the saltation cloud (43). Rocknest conditions 
are unknown, but zo is taken as 0.3 mm, which 
would be the roughness height with wind rip- 
ples 10 mm in height. Estimated wind speeds 
at 1 m above the surface are ~52 m/s (116 mph) 
and 36 m/s (80 mph), without and with saltation, 
respectively. As a result of the lower gravity and 
reduced atmospheric density on Mars, a greater 
hysteresis exists than on Earth between the fluid 
and impact thresholds, and saltation impacts upon 
grains are more energetic (18, 44, 45). The com- 
bined effects suggest that initial transport of the 
coarse surface grains probably occurred at lower 
wind speeds than those calculated. Conversely, 
reactivation of the sand shadow would require 
considerably higher wind speeds because of in- 
duration of the surface. 

Although observations from the Viking Lander 
1 suggest that wind speeds of 30 m/s at a height 
of 1.6 m occurred during its 2-year lifetime (46), 
we do not known how often Mars winds can be 
capable of transporting 1- to 2-mm grains. The 
wind estimates above suggest that formation 
of the Rocknest sand shadow has involved rare 
strong winds and that reactivation of the sand 
shadow from its currently indurated state would 
require even stronger and rarer winds. 

Given the possibility of considerable antiquity 
of the Rocknest sand shadow and similar coarse- 
grained bedforms on Mars, could their activa- 
tion correspond to the martian obliquity cycle? 
At low obliquities, the atmosphere collapses onto 
the polar caps, but at high obliquity, CO, is re- 
leased to the atmosphere (47, 48). Taken as an 
end member, atmospheric density may double at 
high obliquity and thereby enhance aeolian ac- 
tivity (48). As a comparison with the above val- 
ues calculated for the present martian atmosphere, 
using 0.04 kg/m* for atmospheric density, the 
calculated fluid wu, is 1.9 m/s and the impact us, 
is 1.3 m/s, which correspond to wind speeds at 
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the 1-m height of ~37 m/s (83 mph) and 26 m/s 
(58 mph), respectively. Although considerably 
lower than values calculated for present condi- 
tions, rare strong wind events are still implied. 
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Volatile, Isotope, and Organic 
Analysis of Martian Fines 
with the Mars Curiosity Rover 


L. A. Leshin,* P. R. Mahaffy,? C. R. Webster,? M. Cabane,’ P. Coll,> P. G. Conrad,” P. D. Archer Jr.,° 
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M. G. Trainer,” J. J. Wray,”? J. P. Grotzinger,”° MSL Science Teamt 


Samples from the Rocknest aeolian deposit were heated to ~835°C under helium flow and evolved 
gases analyzed by Curiosity’s Sample Analysis at Mars instrument suite. H2O, SO2, CO», and 

O2 were the major gases released. Water abundance (1.5 to 3 weight percent) and release 
temperature suggest that H2O is bound within an amorphous component of the sample. 
Decomposition of fine-grained Fe or Mg carbonate is the likely source of much of the evolved COp. 
Evolved O, is coincident with the release of Cl, suggesting that oxygen is produced from thermal 
decomposition of an oxychloride compound. Elevated 6D values are consistent with recent 
atmospheric exchange. Carbon isotopes indicate multiple carbon sources in the fines. Several simple 
organic compounds were detected, but they are not definitively martian in origin. 


interior, surface, and atmosphere drives the 
composition of mineral and chemical consti- 
tuents that can create habitable environments on 
the terrestrial planets. Surface deposits, including 


T= exchange of materials between a planet’s 
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aeolian fines, form an important record of these 
material exchanges. Martian surface fines are es- 
pecially interesting because previous chemical 
studies by the Viking landers, Pathfinder, Spirit, 
and Opportunity (/-4) show that the bulk chem- 
ical composition of these materials is relatively 
constant at widely spaced locations across the 
planet. This can result from a combination of 
mechanical mixing on global scales and a sim- 
ilarity in the chemical composition of bedrock 
and sediments on regional to global scales (5). 
The finer-grained fractions, in particular, may 


provide information about the average compo- 
sition of the martian crust (6). 

The Sample Analysis at Mars (SAM) instru- 
ment suite onboard the Mars Science Laboratory 
(MSL) rover Curiosity provides diverse analyt- 
ical capabilities for exploring martian materials, 
including volatile and isotopic compositions, and 
a search for organic compounds, whether of abiotic 
or biological origin (7). Traces of organic com- 
pounds have been found in martian meteorites 
(8-12), but previous landed missions, most nota- 
bly Viking, did not find definitive evidence of 
martian organic material (/3). 

Curiosity’s first sampling campaign took place 
at Rocknest, an aeolian sand shadow. The rover 
ingested fine-grained Rocknest material into its 
two analytical instruments: Chemistry and Miner- 
alogy (CheMin), for x-ray diffraction, and SAM, 
for analysis of volatiles. Both SAM and CheMin 
sampled portions from scooped materials that 
were sieved to contain grain sizes <150 um. Min- 
eralogical and chemical results summarized in a 
companion paper (/4) indicate bulk composition 
similar to martian fines analyzed by previous mis- 
sions. Plagioclase, olivine, augite, pigeonite, and 
minor magnetite are the major igneous minerals 
(75). Minor anhydrite and hematite are the only 
nonigneous minerals detected. Along with these 
crystalline phases, the chemical and mineralogical 
analyses indicate that almost half of the <150-1m 
fraction comprises amorphous material (/4). SAM 
performs evolved gas analysis (EGA) with the 
quadrupole mass spectrometer (QMS) and iso- 
tope measurements of evolved gases using both 
the QMS and the tunable laser spectrometer (TLS), 
the latter being sensitive to isotopes of CO and 
H,0. Organic analyses can be performed with the 
QMS alone or when it is coupled to the gas chro- 
matograph (GC). SAM analyzed four separate 
portions from the fifth scooped sample at Rocknest 


Table 1. Experiment parameters for four analyses of Rocknest fines. All evolved gases were 
analyzed by the QMS; temperature (7) range of gases that were then sent to the GC and TLS are shown. 


Sol 


Rocknest run (mission day) 


of gas sent to 


Sample T range Sample T range 
of gas sent to 


Rationale 


GC (°C) TLS (°C) 
GC: Low-T organics 
Run 1 93 146-533 547-702* TLS: Predicted T for thermal 
decomposition of carbonates 
GC: Low-T organics below SO, 
evolution T 
Run 2 96 98-425 440-601 TLS: Target CO. from suspected 
carbonate peak 
GC: High-T organics 
Run 3 99 533-822 234-425 TLS: Low-T CO> and H>0 evolution 
GC: Narrow T cut for organics 
Run 4 117 251-289 350-443 se eles ea 


TLS: Narrow T cut targeting 
suspected carbonate 


*Due to the low volume of gas released by Rocknest in this temperature range, isotope data were not obtained for this run. 
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(see Table 1 and Materials and Methods). The ex- 
act mass of each Rocknest portion delivered to SAM 
is not measured by Curiosity, but tests on Earth 
are consistent with 50 + 8 mg per portion (/6). 


Results and Discussion 


Volatile Release 


The volatile compounds observed in EGA typ- 
ically reflect a combination of processes including 
desorption of trapped volatiles, mineral thermal 
decomposition, and chemical reaction during 
heating of the samples (/7, 78). Pure minerals and 
chemicals produce volatile products at predict- 
able temperatures; however, in natural mixtures, 
these temperatures can be strongly shifted by 
physical characteristics of the samples (e.g., 
grain size) and by interactions between min- 
eral and chemical components (/7). 

All four Rocknest analyses yielded HO, SO2, 
CO, and Os, in descending order of average abun- 
dance (Fig. 1 and Table 2). HzO, CO2, and O» 
abundances are relatively consistent from run to 
run and track each other within experimental un- 
certainty, whereas SO abundance is variable from 
run to run. Repeated observation of H,O, CO;, 
and O, gas abundances with similar values sug- 
gests that differences in sample mass cannot ex- 
plain the heterogeneity in SO, abundance, and thus 
the variability must be due to variation in the abun- 
dance of S-bearing minerals in different portions. 

The H2O observed in Rocknest EGA com- 
prises a broad peak centered at ~300°C. Abun- 
dance estimates are ~1.5 to 3 weight percent 
(wt %) H2O in the <150-um fraction. The peak 
temperature and breadth of the H,O release is 
most consistent with bound H2O in amorphous 
phases. Specifically, adsorbed H,O, HO bound 
to amorphous phases (e.g., amorphous alumino- 
silicate materials, nanophase ferric oxides and 
oxyhydroxides), interlayer H,O from phyllosili- 
cates, dehydration of several salts, and dehydration 
of ferric oxyhydroxides could have contributed 
to the lower-temperature H2O release (Fig. 2). 
Higher-temperature HO could result from more 
tightly bound structural HO and/or OH in mi- 
nor minerals present below the CheMin detec- 
tion limit, as well as H2O occluded in minerals and 
glasses. However, if the water detected was re- 
leased from a single host mineral, CheMin should 
have detected that host mineral. The lack of ob- 
served hydrous crystalline phases in the <150-um 
fraction (/5) implies that H»O/OH is derived from 
the amorphous component. H,O concentrations 
in the amorphous component are estimated to be 
3 to 6 wt % H,O. 

Unlike the situation for HO, calculated abun- 
dances of carbonate inferred from CO, released, 
sulfate minerals from SO , and oxychloride com- 
pounds (e.g., chlorate or perchlorate) from O, 
would all be at or below the detection limits of 
CheMin, affirming the complementarity of SAM 
and CheMin on Curiosity. The data do not allow 
specific determination of whether host materials 
for these evolved gases exist as crystalline phases 
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at abundances less than the 1 to 2% detectable by 
CheMin, or whether these volatiles are also hosted 
in amorphous materials in the <150-1m fraction. 
However, the release temperatures of the gases sug- 
gest fine-grained and/or poorly crystalline ma- 
terials as the hosts, as discussed below. 

The CO released from all four Rocknest 
runs comprises two major peaks, at ~400° and 
~510°C, and a lower-temperature shoulder, which 
can be fit as two discrete releases at ~225° and 
~295°C (Fig. 3). The two major CO, peaks to- 
gether comprise >70% of the CO, released. The 
highest-temperature CO, release is consistent with 
the thermal decomposition of siderite (79). If this 
peak is due entirely to siderite decomposition, it 
would imply ~1 wt % siderite in the Rocknest 
<150-um fraction. A second possibility is that 
this release evolved from the thermal decompo- 
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sition of nanophase magnesite, because nano- 
phase carbonates decompose at temperatures at 
least 100°C lower than 2- to 50-um-sized particles 
(/7, 20). Calcite is not a likely candidate because 
its decomposition begins at 685°C, a temperature 
substantially higher than that of the vast majority 
of CO, released from the Rocknest <150-um 
fraction. A third possibility is that the two major 
CO) peaks correspond to CO; chemically evolved 
from two mineral phases, such as siderite and 
magnesite, by reaction with HCl (/8), which is 
observed in the Rocknest EGA (Fig. 1B), likely 
from decomposition of a perchlorate salt (see be- 
low). Most likely, all three factors (grain size, min- 
eralogy, and reaction with HCl) contribute to the 
two major CO, peaks. 

The concurrent evolution of CO, and O> from 
Rocknest suggests that organic carbon (i.e., C con- 


— Rocknest 1 
serene Rocknest 2 
— - Rocknest 3 
---- Rocknest 4 


— Rocknest 4 


H,S 


300 
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Sample Temperature (°C) 


Fig. 1. Gases released from heated Rocknest aliquots. Relative abundance of molecular ions 
diagnostic of specific gases evolved over the 75° to 835°C pyrolysis temperature ramp. (A) The four 
most abundant gases evolved from the four Rocknest portions delivered to SAM. Major molecular ions 
that saturated the QMS detector were estimated on the basis of other isotopologs of that species. (B) 
Traces for m/z 27, 34, 36, and 52, reflecting four minor gases from the Rocknest run 4. Gas species that 
constitute the greatest input to the traces are labeled (27 = HCN, 34 = H2S, 36 = HCL, and 52 = CH3Cl), 
as are any scaling factors used. Minor contributions from other species are possible (e.g., the low- 
temperature peak of the “H2S” trace reflects a contribution from *©07%0). 
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tained in molecules having C, H, O, N, and/or S) 
oxidized within SAM is another potential CO, 
source. Such reduced carbon might be indigenous 
to Mars, delivered from space in the form of inter- 
planetary dust particles and micrometeorites, 
or part of the instrument background. Molecular 
fragments from a reagent carried to Mars for use in 
a SAM wet chemistry experiment, MTBSTFA (V- 
methyl-\-tert-butyldimethylsilyl-trifluoroacetamide), 
have been identified in both empty-cup blank and 
Rocknest runs. A small fraction of COz (<10% of 
the total CO, observed) from combustion of these 
organics is suggested by the amount of the most 
abundant MTBSTFA-related products, mono- and 
bi-silylated H,O (¢ert-butyldimethylsilanol and 1,3- 


bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane, 
respectively). These sources are discussed below 
in conjunction with 5'°C measurements and or- 
ganic molecular analyses. 

Although the intensity and shape of traces at- 
tributable to SO, vary between the Rocknest sam- 
ples, overall, the EGA traces indicate that SO, 
evolves from ~450° to 800°C. Two main peaks are 
observed, at ~500° to 550°C and ~700° to 750°C 
(Fig. 1). Possible sources of the evolved SO) in- 
clude the thermal decomposition of sulfates and/or 
sulfites, oxidation of sulfides, and S adsorbed onto 
particle surfaces, which can persist to relatively high 
temperatures (2/). Laboratory EGA under SAM- 
like conditions shows that iron sulfates produce 


Table 2. Abundance of major species released upon heating of Rocknest as measured with 


the SAM QMS. Errors reported for molar abunda 


nces are the 2c SD from the mean of calculations 


done with different m/z values for the same species. Weight % values were calculated with an 


estimated sample mass of 50 + 
molar abundance (14). 


8 mg (2c), with errors propagated including the uncertainty in 


Molar abundances (umol) 


Run 1 Run 2 Run 3 Run 4 
CO, 8.3 + 2.0 10.8 + 2.6 10.1 + 2.4 10.4 + 2.5 
SO2 2.9 + 0.2 13.7419 21.7 + 2.9 10.5+1.4 
H,0 43.3 + 10.7 66.5 + 16.2 54.5+9.9 55.9 +119 
O02 3.0+ 0.4 5.1+ 0.6 3.7+ 0.4 3.7+0.5 
Sample weight % 
Run 1 Run 2 Run 3 Run 4 
CO, 0.7 + 0.2 1.0 + 0.3 0.9 + 0.3 0.9 + 0.3 
SO3 equiv. 0.5+0.1 2.2+0.5 3.5 + 0.7 1.7 + 0.3 
H,0 1.6+0.5 2.4 + 0.7 2.0 + 0.5 2.0+ 0.5 
ClO, equiv. 0.3 +0.1 0.5+0.1 0.4+0.1 0.4+0.1 
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Fig. 2. Water release from Rocknest compared to laboratory measurements of mineral break- 
down. Water release versus temperature for Rocknest <150-um fraction measured by the SAM QMS. 
Arrows indicate temperatures of water-release peaks determined by laboratory analysis for select hy- 
drous minerals phases under conditions similar to that in SAM (27). 
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SO, at temperatures consistent with Rocknest ob- 
servations. Mg- and Ca-sulfates, including the an- 
hydrite observed in Rocknest <150-um fraction by 
CheMin (/5), have SO, evolution temperatures 
too high to explain the observed SO. The high- 
temperature tail of O2 peak at ~460°C is coinci- 
dent with the initial rise of SO2. This observation 
and SAM EGA detections of small amounts of 
H,S, OCS, and CS, evolved at temperatures close 
to the higher-temperature SO, release (Fig. 1) sup- 
port the hypothesis that oxidative reactions of re- 
duced sulfur phases during heating also contributed 
to the evolved SO>. 

The onset of release of O, correlates with the 
release of chlorinated hydrocarbons (Fig. 1), sug- 
gesting that an oxychloride compound, such as a 
chlorate or perchlorate, is the source of the oxygen 
and chlorinated volatiles. Laboratory evaluation of 
various perchlorates and chlorates has not identi- 
fied an unequivocal match to the SAM Rocknest 
data, but Ca-perchlorate provides the most reason- 
able match, with Fe- and Mg-bearing perchlorate, 
various chlorates, and mixtures with other min- 
erals that may affect decomposition temperatures 
(22-24) as other possibilities. 

The likely detection of an oxychloride com- 
pound by SAM is consistent with perchlorate ob- 
served in samples analyzed by the Wet Chemistry 
Laboratory (WCL) and the Thermal and Evolved 
Gas Analyzer (TEGA) instrument on the Phoenix 
lander (25), which observed a similar O, release 
during analysis of a soil sample. On the basis of 
WCL results, Phoenix soils were calculated to 
contain 0.4 to 0.6 wt % ClO, (25). If all of the 
oxygen detected by SAM resulted from perchlo- 
rate decomposition, the estimated ClO, abun- 
dance in the Rocknest <150-1m fraction (Table 2) 
would be comparable to the abundances ob- 
served by Phoenix. This abundance does not 
account for all of the chlorine detected by Cu- 
riosity’s Alpha Particle X-ray Spectrometer (APXS) 
(14), implying the presence of other chlorine- 
bearing species at Rocknest. 

Chlorine has been detected in every soil ever 
analyzed on Mars—in situ at the equatorial and 
mid-latitude sites of the two Viking landers (2) 
and from equator to mid-latitude by remote sens- 
ing from Mars Odyssey spacecraft (26). The 
process of perchlorate formation is believed to 
start with the oxidation of chlorine in gas-phase 
reactions in the atmosphere (27), various chlorine 
oxides produced by energetic electrons from ga- 
lactic cosmic-ray interaction with the surface ice 
(28), heterogeneous mineral-catalyzed photo- 
oxidation of surface chlorides (29), or on airborne 
dust. The global presence of chlorine, and the de- 
tection of perchlorate in fines at two very differ- 
ent locations (Phoenix and Curiosity landing 
sites), support the hypothesis that perchlorates 
are globally distributed in the regolith of Mars. 
Perchlorates can be a sensitive marker of past cli- 
mate and a potential terminal electron acceptor 
for martian biota. They may also form liquid brines 
under current martian conditions and contribute 
to the oxidation and transformation of martian 
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organic matter when exposed to ionizing radia- 
tion at or near the surface or during analytical pro- 
cessing. Thus, a widespread presence of perchlorate 
salts, spatially and temporally, would have an im- 
portant bearing on understanding habitability, or- 
ganic matter preservation potential, and organic 
biosignature detection on Mars. 


Isotopes 


The results of the TLS isotopic analyses at Rocknest 
are summarized in Table 3. The strategy for the 
different temperature ranges of evolved gas sent 
to the TLS was developed with the EGA data 
to iteratively design experiments that selectively 
focused on various gas releases. For example, 
run 3 captured the bulk of the HO peak, and 
run 4 focused on the first of the two large CO 
peaks. The EGA data were also used to con- 
strain the isotopic composition of C in CO, 
and S in SO. 

Hydrogen in all Rocknest samples is highly 
enriched in deuterium compared to terrestrial 
materials (Fig. 4), with 5D values ranging from 
~+3900 to +7000 per mil (%o). Run 3 should be 
most representative of the “bulk” of the water in 
Rocknest, with a value of ~+7000%o. However, 
significant variation in the 6D value with temper- 
ature is observed, with the lower-temperature cut 
having the highest 5D value and the highest- 
temperature cut having the lowest. 

The 65D values measured in the Rocknest 
<150-1m fraction are consistent with the SAM 
TLS measurements of water in the martian atmo- 
sphere taken before Rocknest, which show a 
8D value of +5000 + 1000%o0 (30). In addition, 
the Rocknest 6D values are within the range of 
values observed by remote-sensing analysis of the 
martian atmosphere (3/), where telescopic mea- 
surements from Earth have previously suggested 
a reservoir enriched in D by a factor of ~5 over 
terrestrial values. The D-enriched values in a martian 
soil are also consistent with D-enriched H,O ob- 
served in both bulk (32) and single grains (33) 
in martian meteorites. 

The close match between the 5D values from 
H;0 in both atmospheric gas and Rocknest sug- 
gests that the H,O-rich phases in the amorphous 
material were formed either in direct contact 
with the atmosphere or through interaction with 
volatiles derived from it. The variation of 5D 
value with temperature may either record long- 
term variation of D/H through time or repre- 
sent seasonal variations reflecting changes in 
the water cycle. It is likely that the water evolved 
at the lowest temperatures represents water in 
active exchange with the present atmosphere, 
whereas the higher-temperature releases could 
represent water from a more ancient time. Tele- 
scopic measurements suggest that there could 
be large variations in atmospheric 5D value with 
water content of the atmosphere and season 
(31), and such variations may be reflected in the 
Rocknest results. 

Like hydrogen in H,O, '*C-enriched CO; has 
also been observed in the atmosphere at Gale 
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crater with SAM TLS (30) and QMS (34), with 
an average 5'3C value measured to date of ~+46%o. 
Unlike hydrogen, however, the CO-bearing phases 
in Rocknest soil do not fully reflect this '*C- 
enriched atmospheric value. Rather, &'°C values 
of CO, evolved from Rocknest and analyzed 
by TLS range from —6 to +20%o (Table 3), and 
estimates of 8'°C over the two major CO; peaks 
using QMS data average ~+18 + 10%o, consistent 
with the TLS results. These values overlap with 
8'°C values from both carbonates and refractory/ 
reduced carbon in martian meteorites (Fig. 5). 
Consistent with the above discussion of sev- 
eral possible CO, sources in SAM analyses of 
Rocknest, the &'°C compositions likely reflect 
mixing of multiple carbon sources. The concurrent 
evolution of CO and O, from Rocknest suggests 
that partial combustion of reduced carbon could 
contribute to evolved CO>. 8!3C associated with 
the CO, release between 250° and 450°C might 
reflect some contribution from this combusted 
carbon. Previous studies of martian meteorites 
have shown that reduced carbon is present either 
as an indigenous component or from exogenous 
meteoritic input (8, /0-/2). 


Residual 


counts/s 


100 300 


400 


The Rocknest &'°C values suggest a hint of 
'5C enrichment, consistent with 5'°C values ob- 
served in martian meteorite carbonates. Specif- 
ically, the data from run 4, which most closely 
capture the largest CO peak, has a 8'°C value 
of +20 + 10%o, which is similar to carbonate 
measured in the Nakhla meteorite (35). This value 
is lower than would be expected for carbonate 
formed from the modern atmosphere as measured 
by SAM TLS (30). It is possible that this CO re- 
lease is a mixture of carbonate-derived CO, with 
a high 8'°C value and CO, depleted in '°C and 
thus does not reflect the true carbon isotopic 
composition of the carbonate. It is also possible 
that the carbonate does have low 5'°C values as 
observed in some of the martian meteorites, sug- 
gesting that the atmosphere has changed through 
time (36). Overall, the data support a minor amount 
of carbonate in martian soil derived from atmo- 
sphere interaction with only transient water (37). 

The sulfur isotopic composition of SO, re- 
leased during run 4 was determined from QMS 
data at a mass-to-charge ratio (m/z) of 64, 65, and 
66. The Rocknest <150-um fraction, including 
analyses of both of the major SO, evolution peaks, 
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Fig. 3. Deconvolution of CO, release from Rocknest. Rocknest run 2 COz (mass 45) versus temper- 
ature (red). Gray peaks are Gaussian fits to overall CO2 release that sum to mass 45 fit (blue line). CO2 
fractions in each of the four peaks are 0.07, 0.22, 0.41, and 0.30, respectively. 


Table 3. Isotopic composition of volatiles released upon heating of Rocknest as measured with 
the SAM TLS. Blank cup corrections have been applied as described in materials and methods. 


Rocknest run T range sampled (°C) 


52C in CO (%e) 5D in H20 (%o) 


Run 3 234-425 
Run 4 350-443 
Run 2 440-601 


—6+14 7010 + 66 
20 + 10 4250 + 60 
349 3870 + 60 
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have 5™Sycpr of 0 + 10%, consistent with sulfur 
isotopic compositions measured in martian me- 
teorites (38, 39). 


Organic Matter 


Chlorohydrocarbons comprising chloromethane 
(CHCl), dichloromethane (CH2C1,), trichlorometh- 
ane (CHCl), and chloromethylpropene (C4H7Cl) 
were detected during SAM GC-MS analyses (Fig. 6 
and Table 4). Chloromethanes detected by SAM 


Fig. 4. Tunable laser spec- 
trometer data showing hy- 
drogen isotope enhancement 
in Rocknest. Section of a sin- 
gle spectrum (60 s integration) 
downloaded from Curiosity 
(black) for the Rocknest 3 sam- 
ple run, showing large HDO 
line depth compared to calcu- 
lated HITRAN spectrum (red) 
based on terrestrial SMOW wa- 
ter isotope ratios. The HDO 
line is ~4 times the depth of 


Transmission 


that predicted for SMOW, so 
that the D/H ratio is ~8 times 
that of SMOW, corresponding 
to a 8D value of ~7000%o, as 
reported. 


Transmission 


in runs 1, 2, and 4 were at ~nanomole levels and 
above SAM background. Run 3 produced lower 
abundances of chloromethanes (typically observed 
at <300°C) because only a high-temperature cut 
of evolved gases were transferred to the GC. Mi- 
nor amounts of HCN, CH3Cl, CH2Ch, and CHCl; 
are also observed in SAM EGA data (Fig. 1B). The 
abundance of these species is more than two or- 
ders of magnitude lower than that of the most 
abundant volatile released—H,0. 
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Fig. 5. Carbon isotopes in relevant solar system reservoirs. Carbon isotopic composition of ma- 
terials from Mars (44-46), Earth (47), and carbonaceous chondrite meteorites (48) for comparison the 
values measured in Rocknest and the martian atmosphere (30) by the Mars Curiosity Rover. 
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The abundances measured by SAM are higher 
than the picomole levels (up to 40 parts per bil- 
lion) for chloromethane and dichloromethane 
previously measured by the Viking pyrolysis gas 
chromatography—mass spectrometry (GC-MS) in- 
struments after heating the samples of scooped 
fines up to 500°C (/3). Biemann ef al. (13) at- 
tribute the Viking results to chlorohydrocarbons 
derived from cleaning solvents used on the instru- 
ment hardware, not from the martian samples them- 
selves. Recently, Navarro-Gonzalez et al. (40) 
suggested that these chlorohydrocarbons may 
have formed by oxidation of indigenous organic 
matter during pyrolysis of the soil in the pres- 
ence of perchlorates, but Biemann and Bada (4/) 
disagree with this conclusion. 

The absence of detectable chlorohydrocarbons 
in the SAM blank run indicates that the chlorohy- 
drocarbons measured at Rocknest are not directly 
attributable to the SAM instrument background 
signal. However, the associated release of chloro- 
methanes, Oz, and HCI strongly suggests that 
these chlorohydrocarbons are being produced 
within SAM by chlorination reactions involv- 
ing an oxychloride compound in the Rocknest 
<150-um fraction and an organic carbon pre- 
cursor (23). Three sources for the organic carbon 
of this reaction are possible: (i) terrestrial sources 
within the SAM instrument or the Curiosity sam- 
ple chain; (11) exogenous carbon in the martian 
surface materials derived from infalling meteor- 
itic carbon; and (iii) martian indigenous organic 
matter. A feasible explanation involves terrestrial 
carbon derived from the MTBSTFA, whose reac- 
tion products were identified in both the blank 
and soil EGA and GC analyses. On the basis of 
laboratory pyrolysis GC-MS experiments, pyro- 
lytic reaction of martian Cl with organic carbon 
from MTBSTFA in SAM can explain the pres- 
ence of the chloromethanes and chloromethyl- 
propene detected by SAM. However, we cannot 
rule out the possibility that traces of organic carbon 
of either martian or exogenous origin contributed 
to some of the chlorohydrocarbons measured by 
SAM at Rocknest. 

Overall, SAM analyses indicate that martian 
fines contain a number of materials with bound 
volatiles that can be released upon heating. These 
volatile-bearing materials are likely very fine- 
grained and associated with the amorphous com- 
ponent of martian regolith. The fines could be a 
good source of water, CO>, and other volatiles to 
be leveraged by future human explorers on Mars. 
Isotopic compositions support an atmospheric 
source of the water and possibly CO, consistent 
with previously proposed formation mechanisms 
for carbonate and perchlorate in the fines that in- 
volve interaction with the atmosphere. Although 
martian organic matter was not definitively detected, 
the presence of materials that produce substantial 
amounts of oxygen upon heating suggests that 
detection of such compounds in martian soils will 
be difficult with pyrolysis techniques. The fines on 
Mars reveal a complex history, reflecting global, 
regional, and local-scale processes. 
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SAM Instrument Overview and Operations 


The SAM instrument suite supports the MSL 
mission and sits inside the Curiosity rover at 
Gale crater on Mars. The SAM instruments are 
a QMS, a TLS, and a six-column GC with ther- 
mal conductivity detectors (TCDs) (7). These 
three instruments share a solid sample- and gas- 
processing system to generate complementary 
compositional and isotopic observations on each 
sample delivered by the rover’s Sample Acquisi- 
tion, Sample Processing and Handling (SA/SPaH) 
hardware to a SAM solid sample inlet tube or 
ingested directly through a gas inlet. Before each 
analysis, the oven for solid samples, gas-processing 
system, and instruments are purged with helium 
and heated to release any residual volatiles in the 
system to, in effect, precondition and clean SAM. 

Scooped, sieved <150-t1m-particle-size frac- 
tion, and portioned (<76 mm?) sediments of the 
Rocknest aeolian drift were heated to thermally 
evolve gases for processing and analysis. These 
volatiles are the result of the following processes 
often happening concurrently: (1) desorption of 
surface-adsorbed volatiles and anions, (ii) min- 
eral thermal decomposition, and (iti) thermo- 
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chemical reactions among chemical components 
(JS). When organic materials are present in solid 
samples, they might be desorbed at low temper- 
atures (usually below 320°C), as is the case for 
small individual molecules; undergo pyrolysis 
(i.e., thermal bond cleavage) at higher tempera- 
tures; or contribute to thermochemical reactions 
(at all temperatures) (42). 

SAM performs EGA with the QMS and iso- 
tope measurements of evolved gases with both 
the QMS and the TLS, with the latter bemg sen- 
sitive to CO», water, and methane (methane de- 
tection capability was not used during Rocknest 
runs). Organic analyses can be performed with 
the QMS alone or when it is coupled to the GC. 
SAM heated each Rocknest sample to ~835°C at 
a rate of 35°C/min with a He carrier gas flow rate 
of ~0.77 standard cm’ per minute and at an oven 
pressure of ~25 mbar. The SAM QMS analyzed 
abundances of gases across the entire tempera- 
ture range, while selected temperature ranges of 
the evolved gases in each run were sent to the 
TLS and GC for analysis (Table 1). For each por- 
tion ingested by SAM (called runs 1 through 4), 
the gases evolved across the selected range of 
temperatures were accumulated inside the TLS 
Herriott cell, where hydrogen isotopes in water 
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and carbon isotopes in CO, were analyzed in the 
bulk gases. Evolved gases from a different selected 
temperature range sent to the GC were first cap- 
tured on the hydrocarbon trap held at 5°C. The trap 
was subsequently heated to ~300°C under He flow, 
and the desorbed gases were sent to a GC chan- 
nel (composed of an injection trap, MXT-CLP 
column, and TCD) suited for the analysis and 
separation of volatile organic compounds. The 
TCD and QMS provide detection and identifica- 
tion of the chemical molecules eluted from the GC. 


Solid Sample Analysis Details 


At Rocknest, fines from scoop #5 were delivered 
to SAM four times and placed in separate quartz- 
glass cups. The sample in each cup was flushed 
with pure helium (99.999%) at ~ 25 mbar at ~0.77 
standard cm? per minute and heated at ~75°C 
for 15 min to release water adsorbed on mineral 
surfaces and minimize saturating the system 
with excess water. This early gas release was di- 
rectly measured by the QMS. Each cup was 
heated in SAM oven #1 at a rate of ~35°C min | 
to ~835°C, where the final temperature varied 
slightly due to different ambient Mars environ- 
mental conditions. All evolved gases from the 
75° to 835°C range were sampled by the QMS 
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the Rocknest figure) were identified above measured background levels: 
2, carbon dioxide; 3, sulfur dioxide; 4, hydrogen cyanide; 5, hydrogen sulfide; 
6, chloromethane; 7, dichloromethane; 9, trichloromethane; 11, chloromethyl- 
propene; 15, chlorobenzene. The following peaks are consistent with mea- 
sured background levels: 1, carbon monoxide; 8, acetone; 10, acetonitrile; 
12, benzene; 13, toluene; 14, tert-butyldimethylsilanol; 16, phenylethyne; 
17, styrene; 18, 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane; 19, 
trimethylsilylborate; and 20, biphenyl. See Table 4 for discussion of possible 
origins of each peak. 


Fig. 6. Blank run and Rocknest gas chromatograph data. SAM gas chro- 
matograph separation of volatile compounds released during the pre-Rocknest 
blank (left) and Rocknest run 1 (right). See materials and methods for an- 
alytical protocols. The top plots in blue show the relative intensity of the TCD 
signal versus GC retention time. The traces shown on the bottom plot repre- 
sent peak intensities of four different scans over the specified m/z ranges in 
counts per second (cps) versus GC retention time. Key compounds (numbered) 
were identified by comparison to National Institute of Standards and Tech- 
nology mass spectral references. The following peaks (marked in red in 
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through a capillary flow restrictor. This experi- 
ment is referred to as evolved gas analysis and 
produced data in the form of pyrograms for in- 
dividual ions defined by their 7Z ratios. The main 
split of evolved gas was then passed through gas 
manifolds heated at 135°C to either the hydrocarbon 
trap for GC analysis or the TLS Herriot cell for 
isotopic and mixing-ratio measurements of H,O, 
CO3;, or O>, or vented to Mars. For each analyt- 
ical run, different temperature cuts of gas were 
selected to go to the GC or TLS, but in no case was 
the gas sent to both at the same time. Temperature 
cuts for the GC and TLS are listed in Table 1. 
Figures 2 and 3 show detailed analyses of the 
HO and CO, releases, respectively. The plot of 
H,0 release in Fig. 2 is generated with the QMS 
data from m/z 20, because the molecular ion for 
H,0 (mz 18) is saturated in these runs. The re- 
lease temperatures of various hydrous mineral 
phases marked on the plot are derived from lab- 
oratory measurements performed under condi- 
tions similar to those for the EGA in SAM. These 
were typically determined for single minerals, 
and mineral mixtures and grain-size effects can 
change these values. Nonetheless, the broad H.O 
release peak is not clearly indicative of any one 
mineral phase. Figure 3 shows evolved CO) (m/z 
45) as a function of temperature for Rocknest 
run #2, for which four discrete peaks can be fit 
to Gaussian peak shape to model the summed 
CO), release. The integrated areas for the fitted 


peaks are used to quantify the contributions from 
each release event to the total abundance of evolved 
CO. Although it is not possible to assign defin- 
itively specific species to each of the four peaks, 
oxidized organics (terrestrial or martian) and sev- 
eral types are carbonate are discussed in the text 
as likely contributing to the CO, peaks, especially 
the two major peaks. 


Methods for Molar Abundance Calculations 


Molar abundances were primarily computed by 
referencing measurements on Mars to pre-launch 
SAM calibration runs of quantified samples of 
calcite (CaCO3) and a hydrated iron sulfate 
(FeSO4-4H20) (6). A calibration factor [counts 
per second (cps)/mol] was determined for the 
relevant m/z value in laboratory standard runs 
by integrating under the evolved gas curve and 
dividing by the number of moles evolved from 
the sample, assuming complete decomposition. 
Under nominal SAM operating conditions, 
the most abundant ion of major species (e.g., m/z 
18 for H2O) often saturates the detector. Given a 
fixed detector range, this makes the instrument 
more sensitive to low-abundance materials. To 
quantify amounts with high abundances, doubly 
ionized molecules, ion fragments, and isotopes 
were used to calculate evolved gas abundances. 
For example, m/z 44 (CO,") saturated the de- 
tector for most of the Rocknest runs because the 
amount of CO, evolved exceeded detector lim- 


Table 4. Inorganic and organic volatile species detected by the SAM GC-MS upon heating of 
Rocknest and their possible origins. MIBSTFA (\-tert-butyldimethylsilyl--methyltrifluoroacetamide) 
and DMF (dimethylformamide) are both carried within SAM for future derivatization experiments. 
Tenax TA is a porous polymer adsorbent resin used to concentrate organic compounds on the SAM 
hydrocarbon traps. Those sources that are known to be terrestrial in origin are shown in italics. 
Compounds in bold are observed above measured background levels. 


Peak no. from 


Fig. 6 Compound Possible origin(s) 
1 Carbon monoxide Unknown 
Sa Martian carbonates/carbon?, 

2 Carbon dioxide MTBSTEA or DMF 
3 Sulfur dioxide Martian S-bearing minerals 
4 iiydragen cyanide MITBSTFA + perchlorate or high-T 

martian source? 
5 Hydrogen sulfide Product of S-bearing minerals 
6 Chloromethane MTBSTFA or martian carbon? + perchlorates 
7 Dichloromethane MTBSTFA or martian carbon? + perchlorates 
8 Acetone MTBSTFA or DMF 
9 Trichloromethane MTBSTFA or martian carbon? + perchlorates 
10 Acetonitrile MTBSTFA or DMF 
11 Chloromethylpropene MTBSTFA + perchlorates 
12 Benzene Tenax TA 
13 Toluene Tenax TA 
14 tert-Butyldimethylsilanol MTBSTFA + water 
15 Chlorobenzene HCl + Cl, + Tenax TA 
16 Phenylethyne Tenax TA 
17 Styrene Tenax TA 
18 1,3-bis(1,1-dimethylethyl)- MTBSTFA + water 

1,1,3,3-tetramethyldisiloxane 

19 Trimethylsilylborate MTBSTFA + glass beads 
20 Biphenyl Tenax TA 
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its. To quantify the abundance of CO , m/z 12 (C*), 
m/z 22 (CO,""), and m/z 45 and 46 (isotopologs 
of CO ) were used instead of m/z 44. The num- 
ber of moles of CO evolved from Rocknest sam- 
ples was determined by taking an average of the 
total areas calculated for each m/z listed above. 
The error was calculated as 20 SD from the mean. 
For H:0, m/z 19 and 20 were used because m/z 
17 and 18 were saturated, in both Rocknest and 
earlier laboratory calibration runs. To calculate SO> 
abundances, m/z 66 and 50 were used (isotopologs 
of SO and SO) because m/z 64 and 48 saturated 
in calibration runs. 

There are two additional complications en- 
countered when calculating H.O abundances. 
First, FeSO4-4H20 begins to lose H20 as soon it 
is exposed to lower pressures, which is before the 
QMS begins monitoring gas evolution. Fortu- 
nately, there is a very distinct and repeatable HO 
release at slightly higher temperatures (~200°C) 
with a measurable mass loss. This HO release 
was used to calibrate Rocknest data. Second, Mars 
has a much higher D/H ratio than Earth, which 
can affect peak integration values, especially for 
m/z 19 (HDO). We corrected for this effect when 
calculating the water abundances on Mars using 
QMS data during EGA. The differences in the 
5'80, 83, and 5°48 isotopic values between Earth 
and Mars are small compared to the other un- 
certainties involved in these abundance calcula- 
tions and, therefore, were not included. 

Oxygen abundance values were calculated 
in a slightly different way because none of the 
minerals run during prelaunch testing released 
O>. However, a separate prelaunch characteriza- 
tion run was done with an equimolar gas mix of 
Op», COz, Ar, and N>. These data were used to 
determine relative calibration factors for the major 
atmospheric species, as discussed in Mahaffy et al. 
(34). Such calibration factors yield a value for rel- 
ative ionization rates for Oz and CO) at equivalent 
abundances, which were applied to the EGA data 
to determine calibration factors for O, in cps/mol. 


Isotope Data Reporting Convention 


All isotope results are presented in standard delta 
notation (8D, 5'°C, 5*4S) with respect to Vienna 
standard mean ocean water (VSMOW) for hy- 
drogen, Vienna Pee Dee belemnite (VPDB) for 
carbon, and Vienna Cafion Diablo troilite (WCDT) 
for sulfur. Here, 5(%o0) = [Rmeas/Rsta — 1] * 1000, 
where Rineas 1S the measured isotope ratio (heavy/ 
light), and Ryq is the ratio of the relevant refer- 
ence standard. 


TLS Operational Conditions 

and Data Reduction 

TLS is a two-channel tunable laser spectrometer 
that uses direct and second harmonic detection 
of infrared laser light absorbed after multipass- 
ing a sample cell. For the results reported here, 
the sample cell path length is 43 passes of a 
~19.5-cm cell length, or 840 cm. TLS scans over 
individual rovibrational lines in two spectral re- 
gions near 2.78 um; one centered at 3590 cm ! for 
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CO, isotopes, and a second centered at 3594 cm! 
for both CO, and H,O isotopes. The lines used in 
both regions have no discernable interferences. 
In the 3594-cm | region, the CO, and H,0 lines 
used interleave across the spectrum without inter- 
ference, allowing determination of isotope ratios 
across widely varying CO, and HO abundances in 
both atmospheric and evolved gas experiments. For 
carbon isotopes, the values given are the weighted 
means of two separate pairs of lines, one pair from 
each region. Further data-processing details and 
calibration are described in the supplementary ma- 
terials accompanying Webster et al. (30). Figure 4 
is a good example of a TLS flight spectrum used 
for isotope ratio measurement, showing the large 
enhancement of the HDO line over that expected 
(HITRAN database) for terrestrial water. 

The TLS sample cell (Herriott cell) is first 
pumped out by using the SAM turbomolecular 
pump with empty cell pressures of CO, and 
H,O that are insignificant compared to either 
EGA or “blank cup” runs. At some predeter- 
mined time during either the four EGA or single 
blank cup runs, temperature cuts of evolved 
gas are sent to the TLS (Table 1), where they 
produced Herriott cell pressures of 4 to 9 mbar 
of principally helium, with evolved water and 
carbon dioxide as minor components. Before 
the Rocknest EGA runs reported here, a blank 
cup run was conducted under the identical con- 
ditions (He flow, temperature cut, pressure, etc.) 
but without solid sample in the pyrolysis oven. 
Resulting signals (abundances) for CO, and 
HO were not large compared to the Rocknest 
abundance values, and isotope values are sim- 
ilar to those of the samples, but nonetheless it 
is appropriate to make a correction. This cor- 
rection was weighted by the relative abundance 
of the gas of interest. Specifically, the H,O 
abundances in the blank were ~3% of the total 
water measured, and the CO, abundances were 
~5 to 10% of the total CO» measured in Rocknest 
aliquots. Blank cup values for measured 8'3C in 
CO, was —80%o and 6D in H20 was 3880%o. The 
TLS measured results are therefore the combi- 
nation of an underlying background (blank cup) 
contribution and the Rocknest sample contribu- 
tion in proportions dependent on the relative 
abundances of water and carbon dioxide from 
each. Because the blank cup abundances of these 
gases is much smaller than those evolved from 
the Rocknest samples, the corrections to the mea- 
sured isotope ratios are usually small. Given the 
small abundance of HO and CO, in the blank, 
the blank isotope values have relatively large un- 
certainties, and these are propagated through the 
correction calculation. The results given in Table 3 
are the Rocknest sample isotope ratios after cor- 
rection for the blank cup values. 


QMS Isotope Value Calculations 

Isotope ratios from QMS data obtained through 
EGA of solid samples are computed from the 
time-integrated signal at isotopologs for the com- 
pounds of interest. For CO, the °C/'?C ratio is 
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determined from m/z 45 and 46, with correction 
for oxygen contributions based on the most rele- 
vant TLS measurements of the oxygen isotopic 
composition in CO. The values of 8'°C given 
in the main text were computed on the basis of 
an estimated 8!°0O value of —28%o, as determined 
by the TLS for CO, released during Rocknest 4, 
because the gas sample sent to TLS during this 
run was the most representative of the peak CO, 
release from Rocknest samples. The carbon 
isotopic composition of CO, during these runs 
cannot be calculated from the more typical pairs 
of m/z 12-13 or 44-45 because of interference 
from MTBSTFA background at m/z 13 and de- 
tector saturation at m/z 44. 

For SOp, the *“S/*7S ratio is computed from 
m/z 64-66, with correction for oxygen contribu- 
tions (assumed 8'*O of 50 + 5%o) based on TLS 
measurements of the oxygen isotopic composi- 
tion of both CO, and HO in the martian atmo- 
sphere. For both CO, and SO;, '’O contributions 
were estimated from the assumed 8/80 on the 
basis of a A'’0 of 0.32%p, the average for martian 
silicates (43). 


GC-TCD and GC-MS Operational Conditions 


The SAM GC hydrocarbon trap consists of three 
layers: nonporous silica beads, Tenax TA adsorbant 
(porous 2.6-diphenylene oxide polymer resin), 
and Carbonsieve G adsorbant (graphitized car- 
bon) (7). Gases were passed through the hydro- 
carbon trap that had been cooled to 5°C and 
selectively condensed onto glass beads or adsorbed 
on the basis of volatility, molecular size, and chem- 
istry. Thermal desorption at 300°C for 4 min under 
He (0.5 standard cm* per minute, 0.9 bar) re- 
leased analytes from the hydrocarbon trap in the 
opposite direction. Analytes then collected on a 
Tenax TA injection trap of the GC. The injection 
trap was then flash heated to 300°C. All four 
Rocknest GC analyses used the MTX-CLP col- 
umn (30-m length, 0.25-mm internal diameter, 
0.25-um film thickness), which has a polydime- 
thylsiloxane with phenyl and cyanopropyle film 
(7) and is designed for separating mid—molecular 
weight hydrocarbons. The column temperature was 
programmed from 50° to 220°C at 10°C min ' 
and He carrier gas was held at a constant column 
inlet pressure of 0.9 bar. Gases eluting from the 
GC were nondestructively detected by the TCD 
and then ionized by electron impact at 70 eV in 
the QMS source, which fragmented molecules in 
a predictable fashion. The QMS scanned for ions 
inam/z range of 2 to 535 using the Smart Scanning 
algorithm previously described (7). The GC-TCD 
result is shown as a single chromatogram for all de- 
tected molecules in which the retention time (x axis) 
is normalized to the GC retention time. GC-MS re- 
sults are given as individual ion chromatograms 
and mass spectra for isolated peaks, in which the 
mass spectra were generated with a custom data- 
processing program. 

The identification of the chlorohydrocarbons 
in the GC-MS data was based on the retention 
times and comparisons of the mass fragmentation 


patterns to the NIST11 library. The abundances 
of the chlorohydrocarbon compounds (~10 to 
1 nmol) were determined by comparing the fitted 
peaks in the Rocknest data to those of known 
amounts of hexane measured during preflight 
calibration runs on SAM GC, corrected for differ- 
ences in ionization efficiency (34). These abun- 
dances are also corrected for the gas fraction sent 
to the hydrocarbon trap with EGA data (Table 1). 


EGA, GC-TCD, and GC-MS 
Background Measurements 


Within SAM, there are several common sources 
of organic molecules that are typical of sim- 
ilar, nonflight instruments. These include (i) wet 
chemistry reagents used for derivatization (i.e., 
MTBSTFA and DMF) and thermochemolysis 
[i.e., tetramethylammonium hydroxide in metha- 
nol (TMAH)] and their breakdown products; (ii) 
the Tenax TA, a porous, 2.6-diphenylene oxide 
polymer resin adsorbant that slowly degrades with 
use into benzene, toluene, tropylium ion, biphenyl, 
and other single—aromatic ring structures; and (iti) 
the polymer films inside the capillary columns that 
promote selective molecular separation. The mol- 
ecules from these sources are known and make 
up what is referred to as instrument background 
signal, which is expected to change over the course 
of the SAM instrument’s lifetime and is continu- 
ously monitored by analysis of empty sample 
cup or “blanks.” Contributions of aromatics from 
the Tenax TA traps to TCD and QMS (post-GC) 
data have been determined on the basis of their 
absence in EGA data. The blank analysis run be- 
fore Rocknest fines was the first analysis per- 
formed since prelaunch testing, and it showed the 
presence of DMF, MTBSTFA products, Tenax TA 
products, and terrestrial water (Table 4). TLS mea- 
surements of D/H in water indicated that further 
heating and purging of the system largely elimi- 
nated the terrestrial water. 
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Electromagnetic Energy Conversion 
at Reconnection Fronts 


V. Angelopoulos,** A. Runov,* X.-Z. Zhou,” D. L. Turner,” S. A. Kiehas,’ S.-S. Li,” I. Shinohara® 


Earth’s magnetotail contains magnetic energy derived from the kinetic energy of the solar wind. 
Conversion of that energy back to particle energy ultimately powers Earth’s auroras, heats the 
magnetospheric plasma, and energizes the Van Allen radiation belts. Where and how such 
electromagnetic energy conversion occurs has been unclear. Using a conjunction between eight 
spacecraft, we show that this conversion takes place within fronts of recently reconnected magnetic 
flux, predominantly at 1- to 10-electron inertial length scale, intense electrical current sheets 
(tens to hundreds of nanoamperes per square meter). Launched continually during intervals of 
geomagnetic activity, these reconnection outflow flux fronts convert ~10 to 100 gigawatts 

per square Earth radius of power, consistent with local magnetic flux transport, and a few times 
10*° joules of magnetic energy, consistent with global magnetotail flux reduction. 


agnetic reconnection is a fundamental 
Mees of electromagnetic energy con- 

version into kinetic energy and heat that 
operates in the solar corona, astrophysical accretion 
disks, active galactic nuclei, and planetary magneto- 
spheres. In Earth’s space environment, reconnection 
facilitates solar wind energy input into the magne- 
tosphere by enabling solar wind field lines to cross 
the magnetopause and be directly connected to 
Earth’s field lines (Fig. 1A), stretching and com- 
pressing them into the magnetotail lobes. Increases 
in magnetotail lobe flux are evidence of the resultant 
magnetic energy storage. Nightside reconnection 
(X in Fig. 1A) converts this stored energy into par- 
ticle motion, heating, or waves, moving it from the 
magnetosphere into the ionosphere or back to in- 
terplanetary space. Although energy storage and 
release often occur in distinct, easily recognizable 
cycles called substorms (/—4), transient magne- 
totail reconnection is, in fact, ubiquitous across 
all types of geomagnetic activity (5, 6). 

After a pulse of transient reconnection in the 
magnetotail, magnetic flux transport and energy 
conversion are expected along the entire path of 
the flux bundle as it shrinks earthward or tailward 
from the reconnection point (red arrows in Fig. 1A) 
propelled by its curvature force (7). This electro- 
magnetic energy conversion’s nature and agree- 
ment with global substorm-scale energy estimates 
have been elusive, however. Energy conversion 
equals |.J,EydtdxAyAz, where J, is the dominant 
tail current; E, is the dominant electric field (both 
duskward); and x, y, and z are Geocentric Solar 
Magnetospheric (GSM) coordinates (8). When eval- 
uating the power conversion rate, J-E, electron-scale 
processes must be distinguished from ion-scale pro- 
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cesses. This can be achieved by comparing J-E 
with J-E\up, where E is the measured electric field 
and E\yyyp is obtained from ion flow measurements 
and the frozen-in condition (8), consistent with 


ideal and Hall magnetohydrodynamics (MHD). 
This requires comprehensive particles and fields 
instrumentation and high-time resolution mea- 
surements. In the past, there has been a lack of 
multipoint, high-time resolution, comprehensive 
plasma observations that can assess the nature, 
intensity, spatial extent, and duration of the most 
effective conversion and transport, concurrently 
with a global monitor of the amount of energy 
storage and release in the magnetosphere. Here, we 
use a fortuitous conjunction between the dual, 
lunar-orbiting mission ARTEMIS (Acceleration, 
Reconnection, Turbulence, and Electrodynamics 
of Moon’s Interaction with the Sun) and six Earth- 
orbiting satellites in the magnetotail to measure 
local and global energy conversion and determine 
the location and properties of the most effective 
electromagnetic energy conversion process. 


Substorm Observations 


Because magnetic energy conversion results in 
plasma flows, heating, and waves and is related 
to magnetic flux transport, our event selection 
was motivated by the availability of spacecraft on 
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Fig. 1. Magnetotail configuration and geomagnetic activity analysis. (A) X-Z satellite projections 
and a sketch of the magnetotail configuration on 3 July 2012, 09:40 UT, obtained by modifying the T96 
model field (32). GSM coordinates are used throughout this paper unless noted; X, Y, Z point roughly 
sunward, duskward, and northward, respectively (8). (B) High-pass-filtered (<120-s) magnetic pulsation 
data from Carson City, NV, and auroral electrojet index from Western THEMIS and ancillary stations. (C) 
Electron differential flux and B-field inclination at G15. 
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both sides (earthward and tailward) of magnetic 
reconnection, where such phenomena have been 
observed previously. The ARTEMIS lunar orbit- 
ers Pl and P2 traverse Earth’s magnetotail once 
per lunar month (9, /0). Once per year, when the 
three highly eccentric Earth orbiters THEMIS 
(Time History of Events and Macroscale Interac- 
tions during Substorms) P3, P4, and PS5 reach their 
apogee (geocentric radius of apogee, 7, ~ 12 Rg) 
at premidnight, concurrent reconnection outflow 
flux measurements at both sides of a reconnec- 
tion site can be made. During such a conjunction 
on 3 July 2012 at 9 to 12 UT, a substorm occurred. 


2012-Jul-03 0944 100 


At that time, Geotail (GT, r, ~ 30 Rg) (//) and 
GOES (Geostationary Operational Environmental 
Satellites) 13 and 15 (G13 and G15, at, ~ 6.6 Rg) 
were also well positioned in the nightside mag- 
netosphere (Fig. 1A and fig. $1). 

Ground magnetic pulsations (Fig. 1B) and 
abrupt changes in the auroral electrojet low (AL) 
index enable detailed timing (8) of substorm on- 
set and its two intensifications, demarcated by 
vertical lines in Fig. 1B. This timing is corrobo- 
rated by radiation belt electron injections and 
magnetic field dipolarizations at G15 (Fig. 1C). 
The activity was centered at premidnight, exactly 
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Fig. 2. Magnetotail data overview. (A) Total (magnetic plus plasma) pressure. (B, C, D, G, I, and J) 
Energy flux spectrograms. (E and K) Magnetic field on THEMIS and ARTEMIS (Geotail's field was unavailable 
due to Earth shadow). (F, H, and L) lon X-component flows. (M) Measured Y-component electric field. 


Vertical lines are transferred from Fig. 1B. 
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where THEMIS and ARTEMIS were situated. 
The negative interplanetary field B, throughout 
this time resulted in substantial magnetotail flux 
loading (fig. S3). The satellite locations, the inter- 
planetary conditions, and the activity indices sug- 
gest that the observation conditions during this 
interval were appropriate for detection of mag- 
netic energy conversion. But where should these 
energy conversion sites be expected to reside 
within these observations? 

Earthward-moving reconnected flux bundles 
are typically associated with 10-min time-scale 
bursty bulk flows (BBFs) that envelop individual 
1-min time-scale flow bursts and have a nominal 
10 Ry” ¥-Z cross-section (12, 1 3). Even though 
BBFs are the most efficient transporters of flux 
and energy in the magnetotail, integrated BBF 
transport is small compared with total transport 
during substorms [see table 5 in (73) and table 1 
and figure C1 in (/4)], perhaps because spatial 
aliasing prohibits detection of full BBF dura- 
tion or extent (/3). Even if assumed continuous 
(and thus integrated) over substorm time scales 
(1.5 hours), BBF transport is smaller than substorm- 
scale transport of magnetic flux (0.5 to 1 GWb) 
by a factor of 10 and of energy (1 x 10'S to 5 x 
10!° J) by a factor of 100. For the largest events 
(/4), flux transport appears sufficient, but energy 
transport is still deficient by a factor of 3. Loads 
of considerable magnitude (~25 pW/m*) last- 
ing 1 to 10 min, possibly related to BBFs, have 
been reported (/5, 16). Based on 4-s resolution 
time-delay analysis from the Cluster mission, such 
loads have been considered mostly stationary. 
When integrated over time and over their scale 
estimate (3 to 8 Rg) along the X direction (/5), their 
maximum power is 0.9 x 10'3 to 2.5 x 10° JR”, 
smaller by a factor of 100 than expected per Ry” 
in cross-sectional area during a substorm. 

However, recently appreciated intense cur- 
rent densities embedded within flow bursts (10 to 
100 nA/m) could be potential sites of substantial 
electromagnetic power conversion (/7). De- 
fined by their rapid positive B, excursion, these 
dipolarization fronts propagate over tens of Re 
from the reconnection region to the inner mag- 
netosphere. Correlated with negative density gra- 
dients of ion inertial length scale—size, intense 
waves, and plasma heating, these fronts indeed 
have the hallmarks of power conversion sites 
(78). Simulations of reconnection show that ion 
dynamics at such fronts are uniquely capable of 
substantial electromechanical power conversion 
(19). Although kinetic simulations (/9, 20) differ 
on the exact location of the dominant conversion 
region, they agree that electron-scale power con- 
version becomes important only near the X point. 
Such simulations, however, are not global. Var- 
ious boundary conditions could explain differ- 
ences between simulations as well as potential 
differences between simulations and data. 

The front’s saddle-shaped current sheet (2/, 22), 
which is at least partly supplied by the equatorial 
(XY) cross-tail current, can feed into the global sub- 
storm field-aligned current system at high latitudes, 
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with global consequences. Similar to its parent, non- 
BBF equatorial cross-tail current (23), the ion iner- 
tial length scale front current is often consistent with 
the Hall term in Ohm’s law (/7), except when the 
density gradient within it becomes so steep that 
electron pressure gradients and electron inertia 
start to dominate (22). Establishing the locations, 
longevity, and global evolution of these fronts 
through our multispacecraft observations could 
potentially result in adequate levels of integrated 
power conversion and transport. 

The same pitfalls in assessing global transport 
and energy conversion also apply on the tailward 
side of the reconnection site, where reconnected 
flux bundles ram into ambient tail plasma, form- 
ing proto-plasmoids (Fig. 1A). These evolve into 
large-scale plasmoids (24) and are eventually re- 
leased into the solar wind. Negative B, excursions 
associated with tailward flows and density deple- 
tions also observed in the magnetotail were inter- 
preted as putative counterparts of dipolarization 
fronts on the tailward side of the reconnection re- 
gion (25). However, the relationship between such 
tailward reconnection outflow flux fronts and 
plasmoid formation and expulsion is unclear. More- 
over, the presence, nature, and similarity of physical 
processes (flux transport, current formation, and 
energy conversion) at reconnection outflow flux 
fronts (or “reconnection fronts’) on the two sides 
of a reconnection point have yet to be evaluated. 
Our multipoint measurements from the event se- 
lected address these questions and establish the 
longevity of power conversion sites within tailward- 
moving plasmas for comparison with global pow- 
er conversion and flux transport estimates. 

At ARTEMIS, total pressure peaks (Fig. 2A, 
at ~09:52 and ~10:46 UT) accompanied by bi- 
polar B, signatures and tailward flows (Fig. 2, K 
to L) (also see expanded views in figs. S5, K to L, 
and S6, K to L) indicate plasmoid passage, which is 
evidence of near-Earth reconnection. The plasmoids 
were followed by multiple bipolar B, variations 
indicative of smaller plasmoids at P1 at 10:04 
to 10:14 UT (after the first intensification) and 
at both P1 and P2 at 10:46 to 11:20 UT (after the 
second intensification), suggesting multiple in- 
stances of reconnection following each intensifica- 
tion. Integrating in situ flux transport measurements 
around plasmoid traversals is a poor measure of 
global flux transport because the spacecraft often 
enter the tail lobe after plasmoid passage. The low 
density, increased Debye length, and increased 
spacecraft potential magnitude at the lobe preclude 
in situ flux transport measurements there, consistent 
with our expectation of spatial aliasing in evaluating 
tailward transport. ARTEMIS’s location in the dis- 
tant tail, however, enables previously unavailable 
measurements of global flux transport, and its 
conversion rate and duration, for accurate com- 
parisons with locally measured transport. 


Lobe Flux: Storage and Conversion 

Using P2’s total pressure inside the magneto- 
pause and the solar wind dynamic pressure out- 
side it allowed us (8) to determine and integrate 
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Fig. 3. Magnetotail flux transport and power conversion. (A) Solar wind magnetotail flux loading 
(red) (fig. S3E) and instantaneous magnetotail lobe flux, ® (black) (figs. $7 and $8). (B) Cumulative 
flux transport past ARTEMIS and THEMIS, per unit of Y distance, estimated from the measured electric 
field. (C) Location and timing of reconnection impulses derived from time delays of waves and particles 
measured at P1 to P5 and GT as tabulated in table S1 [also see (8) and figs. S9 to $13]. Reconnection 
sites progress from near-Earth to ARTEMIS in two cycles; during each cycle, the sites remain earthward 
of 60 Re. (D and E) Eight-minute detail of flux transport per unit of Y distance and energy conversion 
per unit Y-Z area observed past P2 and P3 after the second intensification. Dashed lines are zero levels. 
Red and blue in (E) are the cumulative power conversion due to the measured electric field or the MHD 
approximation. Black is the nominal cross-tail current, 0.5 nA/m?, times the MHD electric field, for 
comparison with the contribution from reconnection fronts. Note the different scales for P3 (left) and P2 
(right). (F) Detail (25-s) of £,, B, during front passage by P2. (G) Tailward-moving power conversion 
density JyE, at P2 in the MHD approximation (blue) and using the measured F, (red); (also see fig. $15 
for context). (H and I) Five-second detail of the same quantities at P3, as in (F) and (G), for P2 (also see 
fig. S16 for context). Durations in (F) to (I) were chosen to enable sufficient resolution of the electron- 
scale structures. 


the (presumed) monotonically decreasing mag- 
netopause flaring angle, a, to obtain the tail ra- 
dius, Ry, at P2. We used a variant of a technique 
that has been validated against simulations and 
observations (26). During our event, Ry varied 
between 35 and 38 Rx (8). 

Next, using Ry and the magnetotail lobe field 
inferred from the total pressure at P2, we ob- 
tained the lobe flux, ®, and compared it with the 
solar wind input (Fig. 3A). The sharp ® increases 
and decreases demarcated by short vertical lines 
in the panel are not global; they correspond to 
plasmoid or BBF passage at P2, when intense 
local curvature or inertial forces invalidate our 
implicit approximation of a planar, quasistatic 
plasma sheet. If they are ignored, ® agrees well 
with the solar wind input before the first substorm 
intensification, supporting our finding that lobe 
reconnection did not accompany the first plasmoid 
expulsion. For half an hour after the first inten- 
sification, however, substantial reduction in lobe 
flux relative to the solar wind input was observed, 
suggesting that lobe reconnection sufficient to 
balance the solar wind input was taking place. 

The most notable lobe flux reduction during 
the three-hour interval of interest occurred within 
30 min after the second substorm intensification 
(10:42 UT), when ® decreased ~0.5 GWb (by a 
factor of two). By 11:35 UT, ® began to increase 
again, signifying a new cycle of lobe magnetic 
flux and energy loading from the solar wind. Cu- 
mulative flux transport past Pl to PS (Fig. 3B), 
which occurred in short-lived bursts, differed con- 
siderably at the five satellites. We attribute this to 
spatial aliasing, as activity moves away from the 
spacecraft, or as the spacecraft moves into the 
lobes where particles and electric field are barely 
measureable. Because magnetic flux is conserved, 
however, the increasing difference between solar 
wind input and ® (Fig. 3A) is proof of ongoing 
magnetotail transport; the recurrence of plasmoids 
and BBFs suggests that such transport occurs 
continually over substorm time scales (several 
tens of minutes). 


Reconnection Site Locations 


During a substorm, magnetic reconnection in the 
magnetotail is not stationary but has been ob- 
served to progress downtail in a series of im- 
pulsive, localized activations (27). In our event, 
this motion needs to be understood to permit 
integration of J-E over a volume that contains the 
X point. Reconnection locations can be deter- 
mined by timing emitted MHD wave pulses (28), 
energy dispersion of accelerated particles (29, 30), 
or flow reversals. By using such standard meth- 
ods (8), we found (Fig. 3C and table S1) that 
reconnection started near. XY ~—23 Rx at substorm 
onset and progressed tailward of ARTEMIS by 
10:32 UT. Thereafter, the current sheet thinned 
globally, as evidenced by the increased B, dif- 
ference between P1 and P2 and between P5 and 
P4 (Fig. 2, E and K). Subsequently, a new recon- 
nection site formed near Earth (X5, Y ~—23 Rx) 
and initiated a new sequence of tailward-moving 
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activations (X6 and X7). Thus, in the ~30 min 
after the second intensification, the reconnection 
site remained earthward of ARTEMIS, suggest- 
ing that a reasonable approximation of the mag- 
netotail at that time is a cylinder bounded by X= 0 
and —60 Rg, where energy flows out along +X 
only from the high-beta plasma sheet, mostly as 
particle energy recently converted from magnetic 
energy. Because reconnection remained in this 
cylinder, all magnetic energy conversion occurred 
inside it. 


Reconnection Fronts 


Within the plasmoids observed here and else- 
where at a similar distance (24), tailward recon- 
nection fronts usher low-density, hotter, presumably 
recently reconnected plasma (Fig. 2, I to L) (also 
see greater detail in figs. S5, I to L, and S6, I to 
L). These structures may be proto-plasmoids, 
formed by interaction of newly reconnected flux 
bundles with ambient plasma, as observed recent- 
ly in simulations (3/). The sharp interface be- 
tween ambient and recently reconnected plasma 
(e.g., 10:45 UT) contains an intense westward 
cross-tail current. Using the 12-s time delay of 
the B, minimum from P2 to P1 produces a speed 
of ~600 km/s, consistent with the in situ mea- 
sured ion velocity, 400 to 800 km/s (Fig. 2H and 
figs. S11H and S12H). The similarity of the front 
at Pl and P2 also indicates that it lasts much 
longer than the ~2-s observation period at each 
satellite; its speed suggests that it emanated from 
the X5 reconnection site (Fig. 3C and table S1) 
several minutes earlier. 

The observed 20 nT B, decrease over 2-s re- 
sults in estimates of 13 nA/m?* and 1200 km for 
the front’s average current density and thickness 
(~2 to 3 ion inertial lengths; ~1 to 2 ion gyroradii). 
The order-of-magnitude density drop; ion heat- 
ing; and intense E, (~13 mV/m), which deviates 
very little from the MHD approximation near the 
peak |B,| and just behind the front; and an Fy at 
the front consistent with a Hall current (fig. $14, 
A to G) are also classical dipolarization front 
signatures (17), except that they have a reverse 
B,, Again, as for dipolarization fronts, this tail- 
ward reconnection front’s speed, estimated from 
multiple spacecraft observations, agrees fairly well 
with the ion flow, V,, validating our approxima- 
tion dx ~—V,,dt for converting temporal to spatial 
derivatives, at least near the front. 

The main terms in J-E during front motion are 
JE, ~(-OB,/Ox)EyWo + Jn Ey, where J, = (OB./OzV1o 
is the equatorial cross-tail non-BBF current (~0.5 
nA/m”), which is at least 10 times smaller than the 
front current. Because dx ~—V,dt, Jy ~ (OB,/0t)/ Vito 
provides a reasonable first-order estimate of the dom- 
inant current. In MHD, E, ~ VB, and J-Eyup = 
(0B,/0t)B,/Up. This approximation holds even 
when the Hall term is substantial, as we see by re- 
placing V,. with V,. in Jy and in Ey. When electron 
terms in Ohm’s law dominate, the Hall electric field 
in the X direction no longer equals the measured 
electric field in the plasma frame: J,B,/Ne # E, + 
(V<B),, and power conversion LE, ~ (OB JO)E/V io 
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disagrees with its MHD approximation. Such sit- 
uations are interesting and important because they 
can lead to energy conversion in the electron rest 
frame at the fronts. 

During the tailward reconnection front’s pas- 
sage past P1, the electromagnetic power conver- 
sion density J,E, ~ (OB,/Ot)Ey/Vt19 agrees well 
with its MHD equivalent (0B,/ot)B_/Uo, as expected 
when electrons are frozen into the field (fig. S14H). 
This agreement is also consistent with the expec- 
tation of a Hall current at dipolarization fronts of 
an ion inertial length scale gradient (/7). These 
observations support the notions that physical pro- 
cesses at reconnection fronts on both sides of a 
reconnection site are identical and that on the tail- 
ward side, such fronts participate in early plasmoid 
formation. As we shall see below, these reconnec- 
tion front similarities on both sides of the recon- 
nection site extend to processes at electron scales. 


Energy Conversion at Electron 
Inertial Length Scales 


Density and field gradients of scale size shorter 
than an ion inertial length can develop at dipolar- 
ization fronts; electron pressure gradients and 
electron inertia are then needed to support these 
currents (22). Tailward reconnection fronts are 
apparently no exception: Despite gross similar- 
ities in particle spectra and magnetic field at P1 
and P2, tailward reconnection front behavior at 
P2 (Fig. 3, F and G, and fig. S15) differs mark- 
edly from that at P1. At P2, the spin-fit £, differs 
from (VxB), by ~30% (fig. SISF). The high- 
resolution E, (8 samples/s) peaks at >30 mV/m 
over 250-msec (~150 km, or 4 electron inertial 
lengths given the density of 0.02 cm +) when the 
density and magnetic field gradients within the 
front are steepest (Fig. 3F and fig. S15, C and F). 
At that time, the Hall electric field 4, B,/Ne differs 
dramatically from the measured £,, in the plasma 
frame (fig. S15G), implying that electron terms in 
Ohm’s law are important. At the same time, the 
power conversion density J, Ey ~ (OB, /Ot)Ey/V.do 
(Fig. 3G and fig. S15H) is a factor of 2 larger 
(>250 pW/m*) than if electrons were frozen into 
the plasma (Fig. 3G and fig. S15H) and twice the 
maximum value reported previously (/5, 16). 
At P3, several reconnection fronts (Fig. 2E 
and figs. S6E and S16C) that exhibit classical 
dipolarization front signatures are embedded with- 
in the BBF counterpart to the second plasmoid 
(Fig. 2F). Yet the spin-fit Z, can deviate by a fac- 
tor of 2 from (VxB), (fig. S16E), and at high- 
time resolution (128 samples/s) it exhibits peaks 
>50 mV/m (Fig. 3H and fig. S16F) at the sharpest 
gradients. During those times, E, + (VxB)x # 
J,B,/Ne (fig. S16H), implying that electron terms in 
Ohm’s law are important. The earthward-moving 
power conversion density JE, ~ (OB,/Ot)E,/Vo 
is an order of magnitude larger than its MHD ap- 
proximation for about 250-msec. It exhibits peaks 
>6000 pW/m? over time scales of 50-msec (20 km 
given the ~400 km/s speed of these structures, 
or ~1 to 2 electron inertial lengths given the den- 
sity of 0.2cm™~). The observed power conversion 
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density is two orders of magnitude larger than 
previously reported (/5, 16). 

The power conversion density at the fronts 
drives sizeable cumulative increases in power 
conversion past the satellites (Fig. 3E). Because 
the difference between the integral of JE, and its 
MHD approximation (the difference between the 
red and blue curves) is large, the cumulative power 
conversion is, in great part, due to the nonideal 
terms in Ohm’s law. Thus, electron inertial length 
scale-size substructures at reconnection fronts are 
efficient power conversion regions. Contrary to our 
expectation from past simulations (/9, 20), such 
regions are not limited to the vicinity of the X point. 
Could such small-scale, locally transient, power 
conversion rates match the expected global energy 
conversion during this typical substorm? 


Global Consequences 


Integrating the electromagnetic energy conserva- 
tion equation (9) over a cylindrical magnetotail 
volume capped at X = 0 and —60 Rg, and as- 
suming negligible tangential magnetic flux trans- 
port into the volume at the magnetopause 
boundary (slow solar wind flux loading) and out 
of the volume at the two caps of the cylinder (at 
the high-beta plasma sheet), we expect the mag- 
netic energy reduction in that volume to equal the 
time and space integral of the magnetic power 
conversion within it. Because of the spatially 
coherent propagation of reconnection fronts across 
large distances, known on the earthward side (/7) 
and observed here on the tailward side (Fig. 2K 
and fig. S6K), we expect power conversion at the 
fronts to continue over substorm time scales, not 
just for the short times observed in situ. The re- 
connection fronts that followed the second in- 
tensification converted 5 to 50 GW/R,” of power 
past P2 and P3 (Fig. 3E and figs. S15K and S16K). 
This occurred during the major local flux trans- 
port (3 to 4 MWb/Rg) (Fig. 3D and figs. S15, J 
and L, and S16, J and L). 

Because most tail flux reduction during the 
substorm took place over the ensuing 30-min pe- 
riod, we examined whether power conversion at 
these fronts is consistent with the magnetic ener- 
gy reduction in the aforementioned integration 
volume associated with local flux transport and 
global flux reduction over the same time period. 

The magnetic energy W;, within a portion of the 
near-Earth tail length L ~ 60-Rp is W,=L*®* 29 A; 
it varies during a substorm because both area (A) 
and flux (®) vary: dW,/W,, = 2d@/® — dA/A. In 
our case, the tail radius was reduced from 38 Rp 
to 35 Rg (fig. S8C), and ® from 1.2 to 0.7 GWb 
(Fig. 3A and fig. S8C); thus, Wy. decreased from 
48 x 10’ to 1.9 x 10" J, releasing AM, ~2.9 x 10° J 
of magnetic energy. This global energy conversion 
needs to be compared with the integrated power 
conversion from plasma sheet measurements. Be- 
cause AA/A was smaller by a factor of 2.7 than AD/®, 
we can approximate AW,/W, ~ 1.64(A®/®). 

First, we consider energy conversion related 
to local flux transport. The measured flux trans- 
port per unit of Y distance past P3 (Xp3 =—11 Rg) 


27 SEPTEMBER 2013 VOL 341 


was A®/AY= XE, dt ~4 MWb/Rg (Fig. 3D). This 
flux arrived from the X5 reconnection site at XY; = 
—23 Rp, as a AX = Xp3 — X5 = 12 Re-long lobe 
flux bundle reconnected and contracted. The ex- 
pected energy conversion per unit of Y distance 
integrated earthward of X5 is (AWax/AY)/Wax = 
(AW, /W YAY= 1. 64(AD/D YAY ~ 1.6444 MWbR,)/ 
(1.2 GWb) ~5.5 x 10 */Rz, where Wax =(AX/L)M, 
is the magnetic energy estimate of the lobe volume 
earthward of X5. Thus, the anticipated energy con- 
version per unit of Y distance based on local flux 
measurements is AWax/AY ~ 5.5 x 10 °Wax/Rp ~ 
5.5 10 * (AX/L)W/Rp ~5.5 x 10 *(12/60) 4.8 x 
10! JRp or AWax/AY ~ 5.3 x 10!? JR. This 
has a +10% uncertainty due to the location of the 
X5 site (8) (fig. S13) but considerably larger un- 
certainty due to the simplicity of the cylindrical 
tail model used. 

The observed cumulative spatial (along X) in- 
tegral of the power conversion density accomplished 
by the reconnection front flux bundles transported 
past P3 was 50 GW/R,” (Fig. 3E). Assuming that 
the reconnected flux bundles started to shrink earth- 
ward at 10:41:35 UT (exact timing from fig. S13) 
and continued for 145 s until the flows ceased lo- 
cally at 10:44:00 UT (Figs. 3D and 2F and fig. 
S6F), and that the curved flux bundle is AZ ~3 Rg 
tall in the Z direction, this shrinkage resulted in 
50 GWIR;2 x 3 Rp x 145-5 ~ 22 x 10”? JRp 
energy release per unit of Y distance. This is sev- 
eral times larger than expected from AW, /AY 
above. Thus, even if reconnection fronts converted 
energy at the measured rate for a fraction of their 
lifetime, they could still account for the entire en- 
ergy conversion associated with the locally observed 
flux transport in the reconnection outflow region. 

Second, we consider energy conversion re- 
lated to global flux transport. Although flow 
bursts are localized in Y (1 to 3 Rg) (72), their 
effective interaction width AY. can be larger 
due to a multiplicity of bursts along X or ¥, multi- 
ple fronts within each flow burst, or aliasing from 
flow burst stoppage or rebound at the space- 
craft location. This effective interaction width 
can be determined from flux conservation. The 
average flux transport per unit time we observed 
is (4 MWb/R;/145-s), and the total transport 
must be 0.5 GWb/1800-s. Assuming that trans- 
port proceeds continuously during that time, A Yeg~ 
(0.5 GWb/1800-s)/(4 MWb/R;z/145-s) ~ 10 Re. 
The energy conversion in the same region is there- 
fore 50 GWI/Rg” x AYor * AZ x 1800-8 ~ 2.7 x 
10!> J. On the tailward side, at P2, the observed 
power conversion is smaller by a factor of 10 
(5 GWIR,”); all else being roughly equal, this 
adds ~0.3 x 10'° J to the total energy conversion, 
resulting in a total of 3 x 10° J, close to the afore- 
mentioned expected energy conversion from lobe 
flux reduction, AW, ~ 2.9 x 10° J, during this 
typical substorm. Thus, the integrated power con- 
version at the fronts is also consistent with global 
magnetic energy conversion during this event. 

From both in situ measured magnetic flux 
transport in the outflow region and global mag- 
netic flux reduction, we conclude that electron 


inertial length scale processes at reconnection 
fronts play a key role in magnetic energy con- 
version during magnetic reconnection. 
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lations could potentially regulate inflammatory 
responses by modulating rhythmic expression 
of inflammatory genes in tissue macrophages 
or by controlling rhythmic trafficking of Ly6C™ 
inflammatory monocytes (0, //). Because the 
cumulative cost incurred by rhythmic expres- 
sion of inflammatory genes is likely to be high 
(in terms of tissue inflammation and damage), 
we postulated that rhythmic mobilization of 
Ly6C™ monocytes provides a better means of 
mounting anticipatory inflammatory responses. 
In this scenario, the rhythmic mobilization of 
Ly6C™ monocytes would fortify the host’s innate 
immune defenses in anticipation of environ- 
mental challenges, a process we term anticipa- 
tory inflammation. 


Circadian Gene Bmal7 Regulates 
Diurnal Oscillations of Ly6C™ 
Inflammatory Monocytes 


Khoa D. Nguyen,’ Sarah J. Fentress,? Yifu Qiu,? Karen Yun,* Jeffery S. Cox,? Ajay Chawla?’** 


Circadian clocks have evolved to regulate physiologic and behavioral rhythms in anticipation 

of changes in the environment. Although the molecular clock is present in innate immune cells, 
its role in monocyte homeostasis remains unknown. Here, we report that Ly6C" inflammatory 
monocytes exhibit diurnal variation, which controls their trafficking to sites of inflammation. This 
cyclic pattern of trafficking confers protection against Listeria monocytogenes and is regulated 
by the repressive activity of the circadian gene Bmal1. Accordingly, myeloid cell-specific deletion of 
Bmal1 induces expression of monocyte-attracting chemokines and disrupts rhythmic cycling 

of Ly6C"' monocytes, predisposing mice to development of pathologies associated with acute and 
chronic inflammation. These findings have unveiled a critical role for BMAL1 in controlling the 


Results 


diurnal rhythms in Ly6C™ monocyte numbers. 


he circadian clock is a timekeeping sys- 

| tem that allows organisms to adapt their 
physiological and behavioral rhythms to 
anticipatory changes in their environment (/, 2). 


In mammals, the circadian timing system has a 
hierarchical architecture, consisting of the light- 
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responsive central clock in the suprachiasmatic 
nuclei and the peripheral clocks that are present 
in virtually all cells of the body (3). Whereas the 
central clock entrains and synchronizes the pe- 
ripheral clocks with the day-night cycle, the pe- 
ripheral clocks regulate tissue-specific programs 
in an anticipatory manner. Although the periph- 
eral clock has been identified in macrophages 
(4-9), its role in anticipatory immune responses 
remains poorly understood. 

In simple terms, the inflammatory response 
can be expressed as a product of inducible gene 
expression in an innate cell multiplied by the 
number of infiltrating innate cells. When ex- 
amined from this viewpoint, circadian oscil- 
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Diurnal Oscillations and Trafficking 

of Ly6C"' Monocytes 

To investigate this hypothesis, we examined 
whether blood monocytes exhibited diurnal var- 
iation in expression of clock genes. An analysis 
of monocytes obtained from mice kept under 
a 12-hour light-dark cycle revealed rhythmic 
expression of messenger RNA (mRNA) en- 
coded by the clock gene Bmal/ (Arntl), whose 
oscillation was antiphasic to its two target genes, 
NrIdI and Dbp (Fig. 1A). A similar rhythm 
was observed for luciferase protein in mono- 
cytes derived from Per2“” knock-in mice (12), 
which express PERIOD? as a luciferase fusion 
protein (fig S1A). Furthermore, serum synchro- 
nization of THP-1 cells, a human monocytic cell 
line, revealed a 24-hour oscillation of clock genes 
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Fig. 1. Diurnal variation of Ly6C"' monocytes. (A) Quantitative 
RT-PCR analysis of clock-controlled genes (Arntl, Nr1d1, and Dbp) in 
blood monocytes during a 12-hour light-dark cycle (n = 3 or 4 
samples per time point). AU, arbitrary units. (B and C) Ly6c™ 
monocyte numbers in blood (B) and spleen (C) during a 12-hour 
light-dark cycle (n = 5 mice per time point). (D and E) Recruitment of 
Ly6C" monocytes to inflamed peritoneum. Ly6C"' monocyte number 
(D) and concentration of IL-1B (E) were quantified in the peritoneal 
fluid 2 hours after elicitation with thioglycollate (n = 5 mice per time 
point). Pooled data (A) or representatives [(B) to (E)] of two indepen- 
dent experiments are shown as mean + SEM. Two-tailed Student's t 
tests (A) and one-way analysis of variance (ANOVA) (B to E) were used 
for statistical analyses (comparisons were made between the acrophase 
and other time points). *P < 0.05; **P < 0.01; ***P < 0.001. 
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under constant culture conditions (fig. S1B). 
Together, these data demonstrate that blood 
monocytes exhibit diumal variation in clock 
genes, which might impart rhythmicity to their 
functions. 

Recent studies have demonstrated rhythmic 
trafficking of immune cells into tissues (6, 8), 
prompting us to ask whether monocyte frequency 
in the three major reservoirs (blood, spleen, and 
bone marrow) also varies in a diurnal manner. 
Indeed, between the peak and nadir Zeitgeber 
time (ZT, where ZTO refers to lights on and ZT12 
refers to lights off), there was ~twofold differ- 
ence in the total number of monocytes present 
in blood and spleen (figs. S2 and S3, A and B), 
with bone marrow displaying a reciprocal diur- 
nal rhythm (fig. S3C). 

We next examined whether the observed os- 
cillations in total monocytes resulted from rhyth- 
mic changes in Ly6C™ (inflammatory) or Ly6C'°" 
(patrolling) THOROE ee (13, 14). The peak and 
nadir of Ly6C" monocytes in blood and spleen 
mirrored the cyclic pattern of total monocytes 
in these reservoirs (Fig. 1, B and C, and fig. S3, 
A and B), whereas Ly6C'"” monocytes did not 
display strong oscillatory behavior in blood or 
spleen (fig. S3, D and E). Moreover, the ex- 
pression of Ccr2 mRNA in monocytes did not 
correlate with Ly6C™ monocyte numbers in 
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blood (fig. S3F). Because Ly6C™ monocytes are 
recruited to sites of inflammation (/5, 16), we 
investigated the relation between diurnal varia- 
tions in Ly6C™ monocyte numbers and monocyte- 
driven inflammation by using the thioglycollate 
model of sterile peritonitis (77). The numbers 
of Ly6C™ monocytes recruited to the inflamed 
peritoneum at ZT8 were ~threefold higher than 
at ZTO (Fig. 1D), which resulted in ~3 to 3.5- 
fold higher inflammation, as quantified by the 
release of interleukin (IL)}-1B and IL-6 (Fig. 
1E and fig. S3G). On a per cell basis, expression 
of IL-1 and IL-6 did not exhibit diurnal oscil- 
lations (fig. S3, H and I), suggesting that diurnal 
variation in Ly6C™ monocyte numbers dictates the 
magnitude of the innate inflammatory response. 
Moreover, monocyte-attracting chemokines CCL2 
and CCL8, whose concentrations were higher 
(~two- to threefold) in the inflamed peritoneum 
at ZT8 (fig. S3, J and K), were primarily secreted 
by recruited monocytes and resident macrophages 
but not neutrophils (fig. S3L). 


Diurnal Rhythms of Ly6C" Monocytes During 
Listeria monocytogenes Infection 

Ly6C" monocytes provide the first-line defense 
against L. monocytogenes (18), leading us to posit 
that anticipatory oscillations in Ly6C™ mono- 
cyte numbers might modulate innate responses 
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to infection. To investigate this hypothesis, we 
intraperitoneally infected C57BL/6J mice with 
L. monocytogenes at ZTO or ZT8. Two days post- 
infection (dpi), the peritoneum, spleen, and liver 
of mice infected at ZT8 had significantly fewer 
bacteria than those infected at ZTO (Fig. 2, A to 
C). Improved bacterial clearance at ZT8 was as- 
sociated with ~2.2- to 3.8-fold higher numbers 
of TNF (tumor necrosis factor)/iNOS (inducible 
nitric oxide synthase)—producing (Tip)-dendritic 
cells (DCs), which differentiate from Ly6c™ mono- 
cytes to control the growth of this pathogen (Fig. 2, 
D to F, and fig. S4) (79). Moreover, serum and, 
to an even greater extent, peritoneum concentra- 
tions of chemokines and cytokines necessary for 
the mobilization and activation of Ly6C™ mono- 
cytes were much higher at ZT8 than at ZTO (fig. 
SSA and Fig. 2G). This was associated with higher 
recruitment of Ly6C™ monocytes but not neutro- 
phils to the peritoneum (fig. S5, B and C), findings 
that are consistent with previous observations that 
neutrophils are dispensable for defense against 
L. monocytogenes (20). 

Although Ly6C™ monocytes and Tip-DCs 
limit bacterial growth during the early phase of 
infection, efficient clearance of L. monocytogenes 
requires adaptive immunity (/8), prompting us 
to investigate the activation of adaptive immu- 
nity 6 dpi. Although the peritoneal cavity was 
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Fig. 2. Diurnal variation in the pathogenicity of L. monocytogenes. 
(A to C) Mice kept under a 12-hour light-dark cycle were intraperitoneally 
inoculated with 1 x 10° L. monocytogenes at ZTO and ZT8, and CFUs 
recovered from the peritoneal cavity (A), spleen (B), and liver (C) were 
quantified 2 dpi (n = 14 or 15 mice per time point). (D to F) Numbers of 
iNOS*CD11c* and TNFo*CD11c* cells in peritoneal cavity (D), spleen (E), 
and liver (F) of mice 2 dpi with 1 x 10° L. monocytogenes at ZT0 and Z18 
(n = 15 mice per time point). (G) Concentration of chemokines and cyto- 
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kines in peritoneal fluid 2 dpi with 1 x 10° L. monocytogenes at ZT0 and 
ZT8 (n = 15 mice per time point). (H) Survival curves of mice after infection 
with 1 x 10’ L. monocytogenes at ZTO and ZT8 (n = 25 mice per time point). 
(I) Serum concentration of chemokines and cytokines 2 dpi with 1 x 10’ 
L. monocytogenes at ZTO and ZT8 (n = 10 mice per time point). Pooled data 
from two or three independent experiments are presented as mean + SEM. 
Statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001) was assessed by 
using two-tailed Student's t-test [(A) to (G) and (1)] and log-rank test (H). 
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below the limit of detection, mice inoculated at 
ZT8 continued to demonstrate enhanced clearance 
of L. monocytogenes in secondary sites, such as the 
liver (fig. SSD). In contrast, bacterial burden in 
the spleen was not significantly different between 
mice inoculated at ZTO and ZT8, especially after 
normalization for spleen size (fig. S5, E to G). 
Infection at ZT8 resulted in stronger adaptive im- 
mune response in the spleen and liver, as evidenced 
by ~3- to 4.5-fold higher numbers of interferon-y 
(IFN-y)-producing CD4" and CD8*" T cells at ZT8 
(figs. S4 and S5, H and I). Tip-DCs were also more 
numerous in spleen and liver, but not the perito- 
neum, at 6 dpi (fig. S5, J to L). 

Infection with a high inoculum of pathogens 
often results in overactivation of the immune 
system, causing systemic inflammation and death 
(11). Because previous studies have demonstrated 
circadian influence on sepsis-induced mortal- 
ity (8, 21, 22), we investigated whether the 
host response to infection with a higher dose of 
L. monocytogenes might exhibit similar diurnal 
variation. Intraperitoneal infection of mice with 
1 x 10’ L. monocytogenes resulted in significant- 
ly higher mortality rate at ZT8 than at ZTO (Fig. 
2H). This increase in mortality was not asso- 
ciated with a higher bacterial burden (fig. S6, A 
to C) but rather with an enhanced inflammatory 
response (Fig. 21). These results demonstrate 
that the host response to L. monocytogenes ex- 


hibits diurnal rhythms that parallel the rhythms 
of Ly6C™ monocytes. 


BMAL1 Regulates Rhythmic Oscillations 

of Ly6C”' Monocytes 

To determine whether clock genes in monocytes 
regulate their diurnal rhythms, we generated 
myeloid-specific Bmall knockout mice using 
Arntl’o?!eP and Lyz2Cre mice (designated 
Arntl’??“P Lyz2) (23). Immunoblot anal- 
ysis confirmed loss of BMAL1 protein in blood 
monocytes of Arntl’°?"°Lyz2* mice (fig. 
S7A). Quantitative reverse transcription poly- 
merase chain reaction (RT-PCR) analysis of 
mRNAs provided further verification that di- 
urnal variations of core clock genes, including 
Arntl and Nr1d1, were abolished in blood mono- 
cytes of Ant!’ Lyz2™ mice (fig. S7B and 
Fig. 3A). Remarkably, the disruption of BMAL1 
expression in myeloid cells was sufficient to 
impair the diurnal variations in Ly6C™ mono- 
cyte numbers in blood, spleen, and bone marrow 
(Fig. 3, B to D). The normal diurnal rhythm of 
total monocytes was similarly disrupted in the 
blood and spleens of Arnti’’”“°?Iyz2™ mice 
(fig. S7, C and D). In contrast, we failed to detect 
rhythmic changes in the numbers of Ly6C'” 
monocytes (fig. S7, E and F) and neutrophils 
(fig. S7, G and H) in control (Arntl’?”"°”) and 
Arntl’?"" Lyz2 mice. These results demon- 
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strate that BMAL1 regulates the rhythmic oscil- 
lations of Ly6C™ monocyte numbers in all three 
monocyte reservoirs. 

We next tested whether disruption of the di- 
urnal rhythms of Ly6C™ monocytes alters their 
trafficking patterns. Unlike the diurnal recruit- 
ment of Ly6C™ monocytes in Arntl’??""” mice, 
the inflamed peritoneum of Arntl’’“°’Lyz2° 
mice had higher numbers of Ly6C™ monocytes, 
which lacked rhythmicity (fig. S8A). These changes 
were specific for Ly6C™ monocytes because re- 
cruitment of total monocytes did not exhibit a 
diurnal pattern (fig. S8B). Moreover, there were 
no significant differences between the geno- 
types in the numbers of total monocytes, Ly6C™ 
monocytes, neutrophils, or macrophages in the 
uninflamed peritoneum (fig. S8, C to F). However, 
the increased recruitment of Ly6C™ monocytes 
did amplify the local inflammatory response in 
Arntl’?" Lyz2 mice, as quantified by the re- 
lease of CCL2, CCL8, IL-1, and IL-6 (fig. S9, A 
to D). This increase in peritoneal inflammation 
was again independent of diurnal changes in the 
expression of ///b and J/6 (fig. S9, E to F). 

The amplification of inflammation in 
Arntl’°?P Ty72 mice suggested that these 
animals might be predisposed to developing 
infection-induced systemic inflammation. To test 
this hypothesis, we infected Arntl’°?”°” and 
Arntl °F Ly72 mice at ZTO and ZT8 with a 
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Fig. 3. BMAL1 regulates rhythmic oscillations of Ly6C"! monocytes 
in a cell-autonomous manner. (A) Quantitative RT-PCR kinetic analysis 
of Nr1d1 mRNA in blood monocytes isolated from Arntl’°?“%? and 
Arntl'°?"?Lyz2 mice kept on a 12-hour light-dark cycle (n = 3 or 4 samples 
per genotype and time point). (B to D) Ly6C" monocyte numbers in blood (B), 
spleen (C), and bone marrow (D) of Arntl*"? and Armntl!?”°*Lyz2"° mice 
kept under a 12-hour light-dark cycle at various ZTs (n = 5 mice per genotype 
and time point). (E) Survival curves of Arntl!°4°? and Arntli°!°"Lyz2 mice 
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after infection with 1 x 10° L. monocytogenes at ZTO and ZT8 (n = 10 or 
11 mice per genotype and time point). (F to I) Serum concentrations of 
IL-1 (F), IL-6 (G), IFN-y (H), and CCL2 (1) in Arntl’"° and Arntl >? Lyza% 
mice 2 dpi with 1 x 10° L. monocytogenes at ZT0 and ZT8 (n = 4 to 6 mice per 
genotype and time point). Pooled data [(A) and (E)] and representative [(B) 
to (D)] of two to three independent experiments are shown as mean + SEM 
and analyzed by using two-tailed Student's t tests [(A) to (D) and (F) to (I)] 
and log-rank test (E). *P < 0.05; **P < 0.01; ***P < 0.001. 
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nonlethal dose of L. monocytogenes and moni- 
tored their survival. Compared with Arnt/’°?“°” 
mice, all Arntl’°?"°P Lyz2* mice exhibited 
greatly reduced survival with median survival 
times of 77 to 91 hours (Fig. 3E), which could 
not be accounted for by differences in expression 
of Tir2 or Tir5 (fig. S9, G and H), two pattern 
recognition receptors that have been implicated in 
the recognition of Z. monocytogenes (24, 25). 
However, Arntl’??“°"Lyz2* mice infected at 
ZT8 were slightly more susceptible to infection- 
induced lethality than those infected at ZTO 
(Fig. 3E), perhaps reflecting incomplete deple- 
tion of BMAL] protein in the newly recruited 
bone marrow monocytes (/8). 

An analysis of sera 2 dpi confirmed that 
Arntl’°P“P Ty72 mice had higher circulat- 
ing concentration of inflammatory cytokines 
and chemokines, including IL-18, IL-6, IFN-y, 
and CCL2 (Fig. 3, F to I). This increase in sys- 
temic inflammation occurred in the absence of 
worsening infection because bacterial colony- 
forming units (CFUs) in the spleens and livers 


of Arntl*??“°P Tyz2 mice were lower or un- 
changed, respectively (fig. S10, A and B), where- 
as those in peritoneum were marginally higher 
(fig. S10C). Congruent with the CFU data, spleens 
rather than livers of Arndl’??”?"Lyz2™ mice 
exhibited a more robust increase in numbers of 
Tip-DCs and IFN-y-producing CD4* and CD8* 
T cells (fig. S10, D to K). These data show that 
BMAL]I-dependent diumal rhythms of Ly6C™ 
monocytes confers a survival advantage during 
an infectious challenge with L. monocytogenes. 


BMAL1 Recruits PRC2 Complex to Repress 
Chemokine Genes 


The recruitment of Ly6C™ monocytes to inflam- 
matory sites is mediated by the chemokine re- 
ceptor CCR2 and its ligands, such as CCL2 and 
CCL8 (26). We observed that expression of CCL2, 
CCL8, and S100A8, a small calcium-binding 
protein implicated in monocyte chemotaxis (27), 
is regulated in a diurnal manner in monocytes 
recruited to sites of inflammation (fig. S11, A to 
C). These observations led to us to ask whether 


BMALI/CLOCK heterodimers might directly 
regulate chemokine gene expression in mono- 
cytes and macrophages. Indeed, deletion of 
Arntl resulted in higher expression of all three 
chemokine genes (Cc/2, Ccl8, and $/00a8) in 
monocytes and peritoneal macrophages (Fig. 
4A and fig. S12, A to E), which contributed to 
increased concentrations of CCL2 and CCL8 in 
the serum (fig. S12, F and G). These data sug- 
gest that repression by BMALI is necessary to 
generate diurnal rhythms in chemokine expres- 
sion. Furthermore, bioinformatic analyses con- 
firmed that promoter regions of Ccl2, Cc/8, and 
S$100a8 contained E-box motifs to which both 
BMALI and CLOCK were recruited in a rhyth- 
mic manner (Fig. 4B and fig. S13, A to E). This 
rhythmic recruitment of BMAL1 or CLOCK to 
the chemokine promoters was absent in bone 
marrow-derived macrophages (BMDMs) lack- 
ing BMAL] (Fig. 4B and fig. S13, A to E), sug- 
gesting that BMAL1/CLOCK heterodimers might 
recruit a repressor complex to silence chemokine 
gene expression. 
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Fig. 4. BMAL1 recruits PRC2 to repress expression of Ccl2. (A) Quantitative RT-PCR analysis of Ccl2 expression 


in blood monocytes of Arntl’*?"™” and Arntl’*""°?Lyz2° mice kept on a 12-hour day-light cycle (n = 3 or 4 samples 
per genotype and time point). (B) ChIP analysis of BMAL1 binding to the Ccl2 promoter (n = 4 samples per genotype 


SUZ12 7 a= 


and time point). (C) Coimmunoprecipitation of BMAL1 and with members of PRC2. Nuclear lysates from serum-shocked 


BMDMs were immunoprecipitated (IP) with BMAL1 antibody and immunoblotted (IB) for BMAL1, CLOCK, EZH2, EED, 
and SUZ12. Ig, immunoglobulin G. (D and G) ChIP analysis for the recruitment of EZH2 (D) and Pol II (G) to the 
proximal promoter of the Ccl2 gene (n = 4 samples per genotype and time point). (E and F) ChIP analysis for H3K27Me3 (E) and H3K4Me3 (F) at the 
proximal promoter of Ccl2 gene (n = 4 samples per genotype and time point). (H) Ly6C' monocyte numbers in the blood of wild-type or Ccr2~” mice 
during a 12-hour light-dark cycle. Wild-type mice were intraperitoneally injected with phosphate-buffered saline (Veh) or CCL2 (20 ug kg *) 24 hours 


before quantification of Ly6C 


" monocytes (n = 4 or 5 mice per genotype/treatment and time point). Pooled data [(A) to (G)] from two independent 


experiments are shown as mean + SEM and analyzed by using two-tailed Student's t tests [(A), (B), and (D) to (G)] and two-way ANOVA (H). *P < 0.05, 
**P < 0.01, and ***P < 0.001 represent comparison between Arntl’?"”? and Arntl’""°"Lyz2" or between wild-type—treated Veh versus CCL2 or Ccr2~ 


at each time point. 
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Previous studies have demonstrated that his- 
tone acetylation and methylation is important 
in circadian gene expression (28, 29). Among the 
epigenetic marks that regulate clock-controlled 
genes (CCGs), trimethylation of histone H3 at 
Lys’’ (H3K27Me3) by polycomb repressive com- 
plex 2 (PRC2) has been implicated in the silenc- 
ing of CCGs (30), prompting us to ask whether 
BMALI can interact with members of PRC2 in 
BMDMs. Immunoprecipitation of endogenous 
BMALI not only pulled down CLOCK but also 
members of PRC2, including the histone methyl- 
transferase EZH2 (enhancer of zeste), EED (extra- 
sex comb), and SUZ12 (suppressor of zeste) (Fig. 
4C). This interaction was specific because we 
failed to pull down CLOCK or members of PRC2 
in BMAL]1-deficient BMDMs (Fig. 4C). Chro- 
matin immunoprecipitation (ChIP) experiments 
revealed that EZH2 was rhythmically recruited to 
the proximal promoter of Ccl2 gene ina BMAL1- 
dependent manner (Fig. 4D), which temporal- 
ly coincided with its silencing by H3K27Me3 
(Fig. 4E). Moreover, in the absence of BMAL1, 
the chromatin state of the Ccl2 gene was more 
active, as evidenced by the presence of H3K4Me3 
activation marks and the constitutive recruitment 
of RNA polymerase II (Pol II) to the promoter 
(Fig. 4, F and G). Similar patterns of EZH2 
and RNA Pol II recruitment and the associated 
chromatin modifications were observed on Cc/8 


(fig. S14, A to D) and S/00a8 promoters (fig. 
S15, A to D). 

We next tested the importance of the CCL2- 
CCR2 chemokine axis in the maintenance of 
Ly6C™ diurnal rhythms. Consistent with pub- 
lished reports, the number of total and Ly6C™ 
monocytes were lower in blood and spleens of 
Ccr2’ mice (Fig. 4H and fig. $16, A to C) 
(31). However, loss of CCR2 also abolished the 
diurnal variation of total and Ly6C™ monocytes 
in the blood and spleen (Fig. 4H and fig. S16, A 
to C). Because bone marrow monocyte content 
is antiphasic to that of the periphery, Ccr2 ” 
mice had a higher number of Ly6C"! monocytes 
throughout the time course (fig. S16D). In con- 
trast, administration of CCL2 to C57BL/6J mice 
was sufficient to disrupt the diurnal oscillations 
of Ly6C™ and total monocytes in all three res- 
ervoirs (Fig. 4H and fig. S16, A to D). These data 
indicate that the rhythmic recruitment of the PRC2 
complex by BMALI/CLOCK heterodimers im- 
parts diurnal variation to chemokine expression 
that is necessary to sustain Ly6c™ monocyte 
rhythms. 


Myeloid Cell BMAL1 Deficiency Worsens 
Metabolic Disease 


Having established a physiological role for the 
diurnal rhythms of Ly6C™ monocytes during 
acute infection, we investigated whether their dis- 
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ruption contributes to pathogenesis of chronic 
inflammatory diseases. Our initial studies focused 
on diet-induced obesity and insulin resistance, 
because low-grade chronic inflammation has been 
shown to modulate the expression of these disease 
phenotypes (32, 33). We thus fed Arntl*°*?"”?*? 
and Amnil'°? Ty22™ mice a high-fat diet (HFD) 
for 1 week and monitored the recruitment of Ly6c 
monocytes to metabolic tissues. Compared with 
Arntl —— mice, short-term HFD feeding induced 
Ly6C™ monocytosis and increased the Ly6C™ 
macrophage content of epididymal white adipose 
tissue (eWAT) and brown adipose tissue (BAT) 
of Arnt??"P Ty72" mice (fig. S17, A to C). 
Moreover, in Arn Tye mice, the newly 
recruited Ly6C™ eWAT and BAT macrophages 
expressed higher levels of monocyte-attracting 
chemokines (fig. S17, D to F), suggesting that 
disruption of the diumal rhythms of monocytes 
might potentiate metabolic inflammation and 
disease. 

To explore this hypothesis, we fed Arn 
and Art!“ Tyz2 mice a HED and moni- 
tored the development of metabolic disease. Com- 
pared with Arn’ mice, Arntl’"' Lyz2” 
mice gained ~30% more weight on HFD, which 
contributed to their higher total body adiposity 
and increased tissue weight (Fig. 5, A to C). This 
increase in weight gain likely resulted from a 
decrease in energy expenditure, as reflected in 
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Fig. 5. Myeloid cell-specific deletion of BMAL1 exacerbates meta- 
bolic disease. (A to D) Body weight (A), adiposity (B), tissue weight (C), 
and oxygen consumption (D) in Arntli*?“%? and Arntl™? Lyz2“" mice 
kept on a 12-hour light-dark cycle fed a HFD for 19 weeks (n = 4 or 5 mice 
per genotype). (E) Total and Ly6C' macrophage content in eWAT of 
ArntlLoxP/LoxP and ArntltoxP/LoxPLyz2cre mice fed a HFD (n = 5 mice per 
genotype). (F and G) Glucose (F) and insulin tolerance (G) tests of 
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Arntl oP“? and Arntl-*""?Lyz2“ mice fed a HFD (n = 5 to 8 mice per 
genotype). (H) Immunoblots of total and phosphorylated Akt (pAKT) in 
eWAT of obese Arntl*P"? and Ant?!" yz2“® administered intraportal 
insulin. HSP90, heat shock protein 90. Representative data of two to four 
independent experiments [(A) to (C) and (E) to (H)] are shown as mean + SEM 
and analyzed by using two-tailed Student's t tests. *P < 0.05; **P < 0.01; 
***P < 0.001. 
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the lower oxygen consumption rate (~12%) of 
Arntl’??” °°? Ty22 mice during the day cycle 
(Fig. 5D). Food intake, total activity, and sub- 
strate utilization were not different between 
Arntl!’P and Arntl'°?"P Lyz2™ mice (fig. 
S18, A to C). 

We next investigated whether chronic exposure 
to HFD exacerbated inflammation in metabolic 
tissues of Arntl’?’"° Lyz2™ mice. Flow cyto- 
metric analysis revealed that Arntl’°"°" Lyz2” 
mice had higher numbers of total and Ly6C™ 
(~2.5- and ~1.8-fold higher than Arnil’°’"°x? 
mice, respectively) macrophages in their eWAT 
(Fig. 5E and fig. S19A). Macrophage subset 
analysis further showed that absolute numbers 
of CD11c* and CD301* macrophages were both 
higher in eWAT of Arntl’°"' Lyz2™ mice (fig. 
S19, A and B). These inflammatory changes were 
not restricted to eWAT because we observed sim- 
ilar increases in macrophage content of BAT 
in Arnil’""P Tyz2™ mice (fig. S19, C and D). 
Congruent with these observations, there was 
evidence for increased local and systemic in- 
flammation in Arntl’°?”"°?Lyz2* mice (fig. 
$20, A to C), including increased infiltration 
of eWAT and BAT by adaptive immune cells 
(fig. S20, D and E) and higher expression of 
monocyte-attracting chemokines (fig. S20, F 
to H). In contrast, body weight and macrophage 
content of eWAT and BAT were not signifi- 
cantly different in mice fed normal chow (fig. 
S21, A to C). These data demonstrate that dele- 
tion of Arnt/ in myeloid cells prevents diurnal 
oscillations between Ly6C™ and Ly6C'°Y mono- 
cytes, which potentiates the inflammatory response 
to obesity. 

On the basis of these findings, we assessed 
whether Arntl’°’“°’Lyz2* mice were more 
prone to developing obesity-associated insulin 
resistance and metabolic disease. Glucose toler- 
ance testing showed impaired clearance of glu- 
cose in Arntl’”"’'Tyz2 mice (Fig. 5F), which 
likely resulted from a decrease in systemic insulin 
action (Fig. 5G). Congruent with this postulate, 
insulin-induced serine phosphorylation of Akt 
was markedly impaired in eWAT, liver, and skel- 
etal muscle of Arn?” Lyz2™ mice (Fig. SH 
and fig. S22, A and B). In addition, histological 
analysis demonstrated ectopic deposition of tri- 
glycerides in liver and BAT (fig. S22, C to F), 
and leukocytic infiltration in eWAT (fig. S22G), 
thus providing further evidence for worsening 
insulin resistance and metabolic dysfunction in 
Aprnti ip LoxP/LoxP Lyz. yore mice. 

Because previous studies have demonstrated 
that changes in feeding period can entrain the 
peripheral cellular clocks (34), we lastly inves- 
tigated whether monocyte diurnal rhythms are 
responsive to changes in nutrient intake. As ex- 
pected, restricting feeding to the daytime in- 
duced a 12-hour phase shift in liver diurnal gene 
expression (fig. S23, A and B), whereas the ex- 
pression of clock genes in peritoneal macro- 
phages remained unchanged (fig. S23, C amd D). 
Accordingly, the diurnal oscillations of Ly6Cc™ 
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and total monocytes in all three reservoirs dis- 
played similar rhythms irrespective of the feed- 
ing regimen (fig. S23, E to I), suggesting that 
Ly6C™ monocyte rhythms primarily fortify host 
defenses against anticipatory changes in the 
environment. 


Discussion 


Previous studies have demonstrated bidirec- 
tional cross-talk between circadian clocks and 
metabolism (/, 2, 28). For instance, the pe- 
ripheral clocks in metabolic tissues anticipate 
feeding-fasting cycles, and, conversely, feeding 
rhythms are strong Zeitgebers that can entrain 
peripheral clocks of metabolic tissues. In con- 
trast, we found that the diurnal rhythms of mye- 
loid cells do not anticipate metabolic rhythms 
and cannot be entrained by time-restricted feeding 
cycles. This suggests that the primary function 
of diurnal oscillations in myeloid cell numbers 
is not in anticipatory regulation of metabolism 
but perhaps in host defense. In support of this 
idea, both the time of infection and the myeloid- 
specific BMAL1 are critical determinants of 
the pathology associated with infectious chal- 
lenge with L. monocytogenes. Moreover, the abil- 
ity of CCL2, whose expression is induced upon 
sensing of pathogens, to override the diurnal 
oscillations in myeloid cell numbers provides 
a mechanism by which the host defenses can 
shift from anticipatory to pathogen-directed 
responses. 

Although diurnal variation in monocyte num- 
bers is not entrained by feeding cues, its disrup- 
tion does render mice susceptible to diet-induced 
obesity and insulin resistance. The increased 
susceptibility of Arntl4°?*°?Lyz2* mice to 
metabolic disease likely results from Ly6C™ 
monocytosis and the subsequent recruitment of 
these cells into metabolically stressed adipose 
tissue. This potentiates the chronic inflamma- 
tory response both locally and systemically, re- 
sulting in insulin resistance and hyperglycemia. 
Last, because chronic inflammatory diseases, 
such as myocardial infarction, asthma, and rheu- 
matoid arthritis, exhibit diurnal clustering in 
humans (35-37), rhythmic oscillations of inflam- 
matory monocytes might also contribute to their 
pathogenesis. 
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In Situ Observations of Interstellar 
Plasma with Voyager 1 


D. A. Gurnett,?* W. S Kurth,” L. F. Burlaga,” N. F. Ness? 


Launched over 35 years ago, Voyagers 1 and 2 are on an epic journey outward from the Sun to 
reach the boundary between the solar plasma and the much cooler interstellar medium. The 
boundary, called the heliopause, is expected to be marked by a large increase in plasma density, 
from about 0.002 per cubic centimeter (cm~?) in the outer heliosphere, to about 0.1 cm™? in the 
interstellar medium. On 9 April 2013, the Voyager 1 plasma wave instrument began detecting 
locally generated electron plasma oscillations at a frequency of about 2.6 kilohertz. This oscillation 


frequency corresponds to an electron density of about 0.08 cm 


re very close to the value expected 


in the interstellar medium. These and other observations provide strong evidence that Voyager 
1 has crossed the heliopause into the nearby interstellar plasma. 


s the Sun moves through the interstellar 
Avie the solar wind plasma flowing 

outward from the Sun is expected to form 
a bullet-shaped boundary, the heliopause (/, 2), 
that separates the solar plasma from the much 
cooler interstellar plasma (fig. S1). Because the 
solar wind is supersonic, a shock wave, called the 
termination shock, must form to slow the solar 
wind to a subsonic speed so that it can be de- 
flected downstream by the interstellar gas pres- 
sure. In 2004 and 2007, Voyagers | and 2 crossed 
the termination shock at 94.0 astronomical units 
[(AU) 1 AU = 1.49 x 10° km] and 83.4 AU, re- 
spectively (3-6). Since then, they have been pro- 
ceeding outward through the heliosheath, which 
is a region of shock-heated solar plasma between 
the termination shock and the heliopause. 

The first indication of a possible encounter 
with the heliopause was on 28 July 2012, at 
121 AU, when the Low Energy Charged Parti- 
cle (LECP) and Cosmic Ray (CRS) instruments 
on Voyager | detected an abrupt decrease in the 
intensities of termination shock particles (TSPs) 
and anomalous cosmic rays (ACRs), and a coinci- 
dent increase in the galactic cosmic ray (GCR) 
intensity (7-9). A total of five similar crossings 
of the boundary were observed, the last being on 
25 August 2012, at which time the ACRs decreased 
to nearly undetectable levels. Because TSPs and 
ACRs are the dominant energetic charged parti- 
cles in the heliosheath (70, 17), the decrease in 
their intensities is consistent with a crossing of 
the heliopause, as is the increase in the GCR inten- 
sity. Although the Magnetometer (MAG) detected 
closely correlated changes in the magnetic field 
strength, no appreciable change was observed 
in the magnetic field direction (/2). Because the 
magnetic field in the local interstellar plasma (/3) 
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is not expected to be in the same direction as in 
the heliosheath, the absence of a notable change 
in the magnetic field direction has led to doubts 
about whether this boundary was the heliopause. 

This question could have been resolved had 
adequate plasma density measurements been avail- 
able. To maintain pressure balance between the 
hot (~10° K) heliosheath plasma (/4) and the 
cool (~10* K) interstellar plasma (/3), a large 
plasma density increase is expected at the helio- 
pause. Unfortunately, the Plasma (PLS) instru- 
ment on Voyager | failed in 1980, and the Plasma 
Wave (PWS) instrument (/5), which may have 


measured the electron density from the frequency 
of electron plasma oscillations, detected no oscil- 
lations. Electron plasma oscillations occur at a 
characteristic frequency of the plasma called 
the electron plasma frequency, f) = 8980,/n- Hz, 
where 7, is the electron number density in cm? 
(16). These oscillations are usually excited by elec- 
tron beams, such as those upstream of interplan- 
etary shocks and after energetic solar electron 
events. (For a discussion of the mechanism by 
which electron plasma oscillations are produced, 
see supplementary text S1.) Electron plasma 
oscillations were last observed by Voyager | in 
December 2004, upstream of the solar wind ter- 
mination shock (5). 

This situation abruptly changed on 9 April 
2013, when the PWS began to detect strong 
electric field emissions in the 3.11-kHz channel 
of the onboard spectrum analyzer (Fig. 1). The 
emissions had the spiky intensity variations char- 
acteristic of electron plasma oscillations and 
continued for almost a month and a half, finally 
disappearing on 22 May. During this period, we 
also obtained a series of short 48-s samples of 
the electric field waveform that were stored on 
the spacecraft’s tape recorder. Using Fourier anal- 
ysis techniques, we converted these waveforms 
into frequency-time spectrograms (Fig. 2A). The 
spectrograms show that the electric field oscil- 
lations have a very narrow bandwidth of only 
a few percent, with an average oscillation fre- 
quency of about 2.6 kHz. Using the previously 
given equation for f,, this frequency corresponds 
to an electron density of n, = 0.08 cm °. Careful 
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Fig. 1. Electric field intensities in the 1.78-, 3.11-, and 5.62-kHz channels of the PWS 16-channel 
onboard spectrum analyzer. The vertical black regions in each channel give the average field strengths, 
and the solid lines above give the peak field strengths. 
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measurements of the frequency of the primary 
component, which can be followed from one 
spectrogram to the next, show that it increases 
slowly, at a rate of about 2.6 Hz/day. Sometimes, 
a second emission line can be seen at a frequency 
slightly above that of the primary component, 
as in spectrograms (b) and (f). Such sidebands 
are a common feature of electron plasma oscil- 
lations and can be produced by several processes, 
including, for example, three-wave parame- 
tric decay (/7) and trapping of the primary 
beam-driven oscillations in small density cav- 
ities (8). 

After examining waveform data recently played 
back from the spacecraft tape recorder, we found 
another interval with similar, but much weaker, 
electron plasma oscillations from 23 October to 
27 November 2012 that could not be detected 
in the onboard spectrum analyzer data (Fig. 2B). 
The oscillation frequency for this event is about 
2.2 kHz, which corresponds to an electron den- 
sity of about 0.06 cm °, substantially less than for 
the April-May 2013 event. As indicated by the 
sloping dashed white line in Fig. 2B, the change 
in the oscillation frequency between the two 
events suggests a smoothly increasing plasma 
density—i.e., a density ramp—in the region be- 
tween the two events. In support of this view, 
the rate of change of the plasma frequency for 
the dashed white line (2.6 Hz/day) is very close 
to the rate of change (2.7 Hz/day) given above 
for the April-May event, and close to that mea- 
sured for the October-November event, which 
is slightly lower (~2.0 Hz/day). At Voyager 1’s 
radial velocity of about 3.5 AU/year, these var- 
iations in the plasma frequency correspond to a 
density gradient of about 19% per AU. A some- 
what similar density ramp has been inferred 
previously from the upward frequency drift of 
heliospheric 2- to 3-kHz radio emissions (/9). 

For almost 30 years, the plasma wave instru- 
ments on Voyagers | and 2 have been detecting 
transient radio emissions from the outer helio- 
sphere in the frequency range from about 2 to 
3 kHz. Two particularly strong events have oc- 
curred, the first in 1983-1984 (20), and the second 
in 1992-1993 (19). It is now generally agreed that 
these radio emissions are produced near the elec- 
tron plasma frequency when a strong interplanetary 
(IP) shock associated with a global merged inter- 
action region reaches the heliopause and interacts 
with the nearby interstellar plasma. Two compo- 
nents are usually observed, both starting when the 
IP shock first contacts the heliopause. The first com- 
ponent usually starts at about 2 kHz and gradually 
increases in frequency with increasing time, even- 
tually reaching about 3 to 3.5 kHz after about half 
a year. The second component also starts at about 
2 kHz and stays at this frequency for a year or 
more. An example of the radio emission spectrum 
detected by Voyager 1 during the strong 1992— 
1993 event is shown in Fig. 3A. In this case, the 
upward-drifting component is indicated by the 
sloping white dashed line, increasing in frequency 
by 1.5 kHz over a period of 231 days. The upward 
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frequency drift is a common feature of the helio- 
spheric radio emissions and is believed to be caused 
by an increase in the plasma frequency as the shock 
propagates into a region of increasing plasma den- 
sity beyond the heliopause, 1.e., a density ramp, 
possibly caused by a “pileup” of plasma in the 
region upstream of the heliopause (/9), or a 
plasma “transition region” caused by the interac- 
tion with neutral hydrogen, the so-called hydrogen 
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In Fig. 2B, we suggested (as indicated by 
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Fig. 2. High-resolution spectrograms. (A) Six selected 48-s frequency-time spectrograms computed 


from the electric field waveform for the times labeled “a 


un 


through “f” in Fig. 1. These data are recorded 


about twice per week on the spacecraft tape recorder. (B) A composite spectrogram, constructed from 
spectrograms similar to those in (A), extending over a period of 1 year, starting on day 150, 29 May 2012. 
In addition to the strong electron plasma oscillation event in the April-May 2013 time period, a much 


weaker event can be seen at a frequency of about 2. 


2 kHz in October-November 2012. An electron density 


scale is given on the right. The vertical dashed white line denotes the last increase in GCRs on 25 August 
2012. The sloping dashed white line suggests a density ramp in the region between the two plasma 


oscillation events. 
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density—e., a density ramp—as it moves outward 
from the Sun. Radio direction-finding measure- 
ments (22) show that the 1992-1993 radio emis- 
sion originated very close to the region where 
Voyager | is currently located, within about 10° 
to 15° as viewed from the Sun. Therefore, we in- 
vestigated whether the density ramp reported here 
corresponds quantitatively to the density ramp in- 
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ferred remotely from of the upward-drifting fre- 
quency component of the heliospheric radio 
emissions. To test this hypothesis, we have re- 
plotted Fig. 2B in Fig. 3B, with the time of the 
increase in the GCR intensity on 25 August lined 
up with the onset of the radio emission in Fig. 
3A. In addition, we have adjusted the time scale 
such that the density ramps in the two plots have 
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Fig. 3. Comparison of heliospheric 2- to 3-kHz radio emissions to local plasma oscillations. (A) 
A frequency-time spectrogram of the 1992-1993 heliospheric radio emission event detected remotely by 
Voyager 1 (29), and (B) a rescaled spectrogram of the plasma oscillation frequencies given in Fig. 2B. To 
facilitate a comparison, the time scales in the two spectrograms have been adjusted so that the white 


dashed lines have the same slope. 


Fig. 4. Electric field po- 
larization. Plots showing 
the electric field strength 
as a function of the roll 


LECP roll 
Day 120, 2013 


= 
fo) 


angle, , for two space- £ 
craft roll maneuvers. The = 3-0 
rolls were around the so 
spacecraft Z axis, which & 
is aligned along the Earth- 2 906 
spacecraft line (i.e., very 8 
close to the Sun-spacecraft yj 


line) and perpendicular to 
the electric antenna axis 
(fig. $2). In both cases, a 
very pronounced modula- 
tion was observed, with two 0.0 
nulls per rotation. Magnetic 

field measurements during 


= 
fo) 


0 90 


05:14:54 to 10:04:27 UT 


are 
oO 


0.8 


Electric field (uV/m) 
ie) 


180 270 
o, Antenna roll phase (degrees) 


360 0 


14:12:49 to 19:47:38 UT : 
e KO 


REPORTS 


the same slope. When the density ramp in Fig. 
3B is then extrapolated backward in time to the 
point where the increase in the GCR intensity 
occurs, the plasma frequency is 1.9 kHz, almost 
exactly the same frequency as the onset of the 
radio emission in Fig. 3A. Despite the obvious 
assumptions involved with this extrapolation, 
this coincidence provides strong support for the 
view that the GCR intensity increase on 25 August 
was at the heliopause. 

A major unknown factor involved in the in- 
terpretation of the upward-drifting radio emission 
in Fig. 3A is the propagation speed of the IP shock. 
To estimate the shock speed, we extrapolate the 
density ramp in Fig. 3B into the future, to the point 
at which the plasma frequency has increased by 
1.5 kHz, to about 3.4 kHz, the same frequency in- 
crease as in Fig. 3A. We see that it will take 542 days 
from the time of the increase in the GCR intensity to 
reach this point. At the current rate that Voyager | is 
moving outward from the Sun, 3.58 AU/year, this 
corresponds to a change in radial distance of 5.3 AU. 
For the density ramps to have the same radial gra- 
dient, one can see from Fig. 3A that it would take 
231 days for the IP shock to propagate a compa- 
rable radial distance, namely 5.3 AU. The shock 
responsible for the radio emission would then have 
to propagate outward at a rate of 5.3 AU/23ldays, 
which corresponds to ~40 km/s. This is a very plau- 
sible shock propagation speed, comparable to those 
obtained from plasma simulations of IP disturbances 
propagating into the nearby interstellar medium 
by Zank and Miiller (27) and Washimi et al. (23). 
These comparisons provide strong support for 
the view that the density ramp inferred from the 
plasma oscillation events reported here, and the 
density ramp inferred from the 1992-1993 helio- 
spheric radio emission event, are caused by the 
same basic density structure on the upstream side 
of the heliopause, and that the GCR intensity in- 
crease on 25 August 2012 marked the crossing of 
Voyager | into the interstellar plasma. 

Because electron plasma oscillations are known 
to be driven by electron beams, we have searched 
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with the LECP team for evidence of an electron 
beam around the times of these observations. No 
electron beam was found, which is not surprising 
given that the lowest electron energy that can be 
detected by the LECP is quite high, ~28 keV. 
Often, beams responsible for electron plasma 
oscillations are at much lower energies. How- 
ever, a possible causative event was identified 
in the GCR proton intensities starting on days 
80 to 95, 2013 (9), close to the start of the elec- 
tron plasma oscillations. This event likely origi- 
nated from a period of extraordinary solar activity 
beginning early on 5 March 2012, the so-called 
St. Patrick’s day solar storms (24). This timing 
agrees well with the interplanetary shock model 
proposed to explain the generation of heliospheric 
2- to 3-kHz radio emissions via mode conver- 
sion from electron plasma oscillations (79). In the 
present case, no radio emission could be identi- 
fied, probably because the plasma oscillations, 
although strong, are not at the very high field 
strengths (10 to 100 mV/m) typically associated 
with the generation of IP radio emissions (25). 
However, a test can be performed to show con- 
sistency with a beam source. For an electrostatic 
wave, such as an electron plasma oscillation, the 
electric field E must be parallel to the wave 
vector k, which, if driven by a field-aligned elec- 
tron beam, should be aligned along the magnetic 
field. We have performed this test using two 
spacecraft roll maneuvers (Fig. 4). Both showed 
a very clear modulation in the electric field am- 
plitude with two nulls per rotation, consistent with 
a linearly polarized electrostatic wave. Magnetic 
field measurements during both roll maneuvers 
showed that the component of the magnetic field 
in the roll plane is within 3° of the electric field 
direction, as expected. 

Here, we have shown that the densities ob- 
tained from the recently observed electron plasma 
oscillations range from 0.06 to 0.08 cm °, grad- 
ually increasing with increasing radial distance 
at a rate of about 19% per AU. These densities 
are in close agreement with remote-sensing mea- 
surements of plasma densities in the interstellar 
medium (0.05 to 0.22 cm °) (/3) and much 
greater than those in the heliosheath (~0.001 to 
0.003 cm’), based on Voyager 2 PLS measure- 
ments out to its current position at 101 AU (26, 27). 
Numerous computer simulations also show that 
the plasma densities remain at about this level 
throughout the heliosheath (28-30). The reason 
for the extremely low densities in the heliosheath 
is that as the solar wind expands outward from the 
Sun, the density decreases greatly, to ~0.001 cm-, 
ahead of the termination shock (5, 6, 3/). Although 
the plasma is compressed by about a factor of 2 at 
the termination shock (3/), once the flow is sub- 
sonic, there is no known way to compress the plas- 
ma to such high densities. An interplanetary shock 
can only produce a factor of 4 compression, where- 
as the heliosheath plasma would have to be com- 
pressed by a factor of >30 to reach the much higher 
densities reported here. These results, and compar- 
ison with previous heliospheric radio measurements, 
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strongly support the view that Voyager | crossed 
the heliopause into the interstellar plasma on or 
about 25 August 2012. 

The above conclusions assume that there is a 
single well-defined boundary, the heliopause, that 
separates the solar plasma from the interstellar 
plasma, with no linkage between their magnetic 
fields. The apparent conflict between our conclu- 
sion, and the absence of a change in the magnetic 
field direction (/2), puts the above simplified pic- 
ture into doubt. For example, the interstellar mag- 
netic field may be linked to the solar magnetic 
field through an as-yet incompletely understood 
mechanism, such as magnetic flux tube inter- 
change (9), magnetic reconnection (32), or the 
Kelvin-Helmholtz instability (33). Under such con- 
ditions, the very definition of the heliopause comes 
into question. 


References and Notes 

1. W. |. Axford, in Physics of the Outer Heliosphere, 

S. Grzedzielski, D. E. Page, Eds. (Pergamon, Oxford, 
1990), pp. 7-15. 

2. G. P. Zank, Space Sci. Rev. 89, 413-688 (1999). 

3. L. F. Burlaga et al., Science 309, 2027-2029 (2005). 

4. L. F. Burlaga et al., Nature 454, 75-77 (2008). 

5. D.A. Gurnett, W. S. Kurth, Science 309, 2025-2027 (2005). 

6. D. A. Gurnett, W. S. Kurth, Nature 454, 78-80 

(2008). 
7. W. R. Webber, F. B. McDonald, Geophys. Res. Lett. 40, 
1665-1668 (2013). 
8. E. C. Stone et al., Science 341, 150-153 (2013). 
9. S. M. Krimigis et al., Science 341, 144-147 (2013). 
10. E. C. Stone ef al., Science 309, 2017-2020 (2005). 
11. R. B. Decker et al., Science 309, 2020-2024 (2005). 
12. L. F. Burlaga, N. F. Ness, E. C. Stone, Science 341, 
147-150 (2013). 

13. P. C. Frisch, S. Redfield, J. D. Slavin, Annu. Rev. Astron. 
Astrophys. 49, 237-279 (2011). 

14. D. J. McComas et al., Geophys. Res. Lett. 38, L18101 
(2011). 

15. F.L. Scarf, D. A. Gurnett, Space Sci. Rev. 21, 289 (1977). 

16. D. A. Gurnett, A. Bhattacharjee, in /ntroduction to 
Plasma Physics with Space and Laboratory Applications 
(Cambridge Univ. Press, Cambridge, 2005), p. 11. 


17. |. H. Cairns, P. A. Robinson, Geophys. Res. Lett. 19, 
2187-2190 (1992). 

18. R. E. Ergun et al., Phys. Rev. Lett. 101, 051101 
(2008). 

19. D. A. Gurnett, W. S. Kurth, S. C. Allendorf, R. L. Poynter, 
Science 262, 199-203 (1993). 

20. W. S. Kurth, D. A. Gurnett, F. L. Scarf, R. L. Poynter, Nature 
312, 27-31 (1984). 

21. G. P. Zank, H.-R. Miller, J. Geophys. Res. 108, 1240 
(2003). 

22. W. S. Kurth, D. A. Gurnett, J. Geophys. Res. 108, 8027 
(2003). 

23. H. Washimi et al., Astrophys. J. 757, L2 (2012). 

24. M. Guhathakurta, Fos 94, 165-166 (2013). 

25. S. D. Bale et al., Geophys. Res. Lett. 26, 1573-1576 
(1999). 

26. J. D. Richardson, C. Wang, Astrophys. J. 759, 119 
(2012). 

27. http://web.mit.edu/afs/athena/org/s/space/www/voyager.html 

28. G. P. Zank et al., Astrophys. J. 763, 20 (2013). 

29. N. V. Pogorelov, G. P. Zank, T. Ogino, Astrophys. J. 644, 
1299-1316 (2006). 

30. H. Washimi et al., Mon. Not. R. Astron. Soc. 416, 
1475-1485 (2011). 

31. J. D. Richardson, J. C. Kasper, C. Wang, J. W. Belcher, 
A. J. Lazarus, Nature 454, 63-66 (2008). 

32. J. F. Drake, M. Opher, M. Swisdak, J. N. Chamoun, 
Astrophys. J. 709, 963 (2010). 

33. V. Florinski, G. P. Zank, N. V. Pogorolov, J. Geophys. Res. 
110, A07104 (2005). 


Acknowledgments: We thank E. C. Stone, S. M. Krimigis, and 
J. D. Richardson, for their helpful comments. We also thank 
R. B. Decker, L. J. Granroth, J. C. Hall, A. Persoon, O. Santolik, 
and R. F. Wong for help in various data processing issues. 
The research at lowa was supported by NASA through contract 
1415150 with the JPL. The research at GSFC was supported 
by NASA contract NNG11PM48P, and the research at CUA 
was supported in part by NASA grant NNX12AC63G. 


Supplemental Materials 
www.sciencemag.org/content/341/6153/1489/suppV/DC1 
Supplementary Text 

Figs. $1 and S2 

References (34-36) 


10 June 2013; accepted 16 August 2013 
Published online 12 September 2013; 
10.1126/science.1241681 


Distances, Luminosities, and 
Temperatures of the Coldest Known 


Substellar Objects 


Trent J. Dupuy** and Adam L. Kraus?” 


The coolest known brown dwarfs are our best analogs to extrasolar gas-giant planets. The prolific 
detections of such cold substellar objects in the past 2 years have spurred intensive follow-up, 
but the lack of accurate distances is a key gap in our understanding. We present a large sample 
of precise distances based on homogeneous mid-infrared astrometry that robustly establishes 
absolute fluxes, luminosities, and temperatures. The coolest brown dwarfs have temperatures of 
400 to 450 kelvin and masses almost equal to 5 to 20 times that of Jupiter, showing they bridge 
the gap between hotter brown dwarfs and gas-giant planets. At these extremes, spectral energy 
distributions no longer follow a simple correspondence with temperature, suggesting an increasing 
role of other physical parameters, such as surface gravity, vertical mixing, clouds, and metallicity. 


ne major goal in astrophysics is to extend 
previous successes in the characteriza- 
tion and modeling of stellar atmospheres 


to the much cooler atmospheres of extrasolar 
planets. A key pathway is the identification of 
free-floating objects that share not only common 
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temperatures but also common masses and thus 
surface gravities with exoplanets. In recent years, 
searches for ever colder free-floating brown 
dwarfs, objects with masses below the hydrogen- 
fusing mass limit, have steadily pushed the cen- 
sus of the solar neighborhood to ever lower 
masses and finally perhaps into the planetary- 
mass regime ($13 Jupiter masses). 

The detection of large samples of brown 
dwarfs at the beginning of the last decade ush- 
ered in two, now widely accepted, spectral types 
denoted by the letters “L” and “T” that extend 
the canonical OBAFGKM scheme for classify- 
ing stars that had stood untouched for nearly 
a century. Over the past 2 years, candidates for a 
“YY” spectral class have been uncovered in binary 
surveys (/, 2) and in all-sky imaging data from 
WISE, the Wide-Field Infrared Survey Explorer 
(3). The primary criterion adopted to trigger 
this class has been the appearance of ammonia 
(NH3) absorption in near-infrared (1 to 2.5 um) 
spectra. 

Y dwarfs probe colder atmospheric physics 
than before, with putative effective tempera- 
tures as low as Ty ~ 300 K and masses of ~5 
to 20 Jupiter masses (3). If found orbiting a star, 
a Y dwarf would likely be considered a gas-giant 
planet. However, these estimated properties of 
Y dwarfs are speculative given the uncertainty 
in their temperatures, ages, and luminosities. Tem- 
peratures have only been estimated from model 
atmospheres that use incomplete molecular line 
lists and simple prescriptions for complex pro- 
cesses like nonequilibrium chemistry and con- 
densate formation. 

An independent approach for determining 
temperatures is to combine bolometric luminosi- 
ties (Zyo1) with evolutionary model-predicted 
radii (Ry) and apply the Stefan-Boltzmann Law, 
Tere = (4noR47/Lyoi) 1". Recent observations 
of transiting substellar objects generally support 
evolutionary model radius predictions over a 
wide range of masses (4—6). Although many may 
not be ideal test cases because they may have 
formed via core accretion or have been intensely 
irradiated, variations in radii are expected to be 
relatively small and not strongly influence our 
resulting temperatures given the weak depen- 
dence on radius (To¢p & Ry”). Therefore, the 
key measurements needed to determine temper- 
atures via luminosity are accurate distances to Y 
dwarfs, along with a method for computing Lyo, 
from multiwavelength photometry. 

Trigonometric parallaxes provide the only 
direct means of measuring distances to stars. A 
star’s distance is inversely proportional to the 
amplitude of its apparent periodic motion on 
the sky relative to more distant background 
stars, which is due to Earth’s orbital motion 
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around the Sun. The amplitude of this effect is 
small, 0.1 arc sec for a star at 10 parsec, and 
thus measuring parallaxes requires long-term, 
precise position measurements. We have been 
using the Infrared Array Camera (IRAC) on 
board the Spitzer Space Telescope to obtain 
such astrometry of late-T and Y dwarfs from 
2011 to 2012. 

Spitzer currently trails Earth by ~2 months 
in its solar orbit, and keeping its solar shield 
directed at the Sun forces the telescope to ob- 
serve stars near parallax maximum. By main- 
taining a cold temperature, Spitzer can obtain 
sensitive images in the thermal mid-infrared, 
where Y dwarfs emit most of their flux, giving it 
an advantage over ground-based near-infrared 
observations of Y dwarfs. We also use an im- 
proved correction for the nonlinear optical dis- 
tortion of Spitzer/IRAC that enables ~10 times 
smaller residual errors than the correction used 
by the standard data pipeline, allowing us to 
unlock the precision astrometric capabilities of 
Spitzer. 

By combining our parallaxes (table S1 and 
fig. S1) with photometry from the literature (7—9), 
we have determined absolute magnitudes in the 
near-infrared YJHK bands (*1.0 to 2.4 um) and 
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Spitzer’s mid-infrared bands at 3.6 and 4.5 um 
(table S2 and Figs. 1 and 2). For each spectral 
type bin, we computed the weighted mean abso- 
lute magnitude as well as upper or lower limits 
on the amount of intrinsic scatter in the magni- 
tudes (table S3). 

Objects classified as normal YO dwarfs are 
=2 magnitudes (*six times) fainter in the near- 
infrared compared with the latest type T dwarfs, 
yet they generally share very similar colors. The 
most notable exception is that the Y — J colors 
become much bluer for Y dwarfs (9), which we 
find is due to flux at ~1.25 ym dropping by a 
factor of five whereas flux at ~1.05 um only 
drops by a factor of 2.5. This behavior is con- 
sistent with prior speculation that Y dwarfs may 
be so cool that the alkali atoms that dominate ab- 
sorption at blue wavelengths for warmer brown 
dwarfs finally become locked into molecules like 
NaS and KCl, thereby reducing the opacity at 
1.05 um relative to 1.25 um (/0). The appearance 
of such molecules could result in the return of 
substantial condensate clouds (//) and corre- 
sponding variability and weather. 

In contrast to their near-infrared behavior, 
Y dwarfs show remarkable diversity in their mid- 
infrared colors. Even though they are only =two 
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Fig. 1. Color-magnitude diagrams for all objects with spectral types T8 and later that have 
direct distance measurements. Data points are color-coded according to spectral type, with 
open/white points indicating that no spectra are available. Small gray points are earlier type field 
brown dwarfs. Near-infrared photometry is on the Mauna Kea Observatory system. Error bars 


indicate +1 SD. 
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times fainter than the latest T dwarfs at these 
wavelengths, they range from the same color as 
late-T dwarfs to much redder (~0.8 magnitude). 
One of the reddest objects is WISEP J1405+5534, 
which has been typed as “YO peculiar?” because 
its H-band spectral peak is shifted 60 A redder 
than the YO standard, WISEP J1738+2732 (3). 
We find that WISEP J1405+5534 in fact has a 
very similar temperature to other YO dwarfs 
(table S5), indicating that its unusual spectrum 
is due to another physical property. Both the mid- 
infrared color and peculiar spectrum may be 
explained by a reduced level of nonequilibrium 
chemistry in the photosphere, perhaps because of 
reduced vertical mixing. This would produce en- 
hanced NH; absorption at H band as compared 
to other YO dwarfs and enhanced CH, absorption 
relative to CO driving WISEP J1405+5534 to 
redder [3.6] — [4.5] colors. 

The coldest brown dwarfs also demonstrate 
unusual behavior in their absolute fluxes as a 
function of spectral type. Despite their plummet- 
ing near-infrared flux (normal YO dwarfs are 
six times fainter than the latest T dwarfs), YO 


dwarfs have indistinguishable fluxes compared 
to each other to within 15 to 25%. This is very 
unusual compared with warmer brown dwarfs, 
which do not show such step-function behavior 
at any spectral type transition and also show 
much larger intrinsic scatter (~30 to 50%) in 
absolute fluxes for a given spectral type (/2). This 
homogeneity among the YO dwarfs is further 
unexpected because it reverses the trend ob- 
served for the late-T dwarfs that the scatter in- 
creases substantially with later type, cooler objects 
(Fig. 3). For example, here we double the sam- 
ple of T9 dwarfs with accurate distances and 
find that their near-infrared fluxes typically have 
a scatter of 130 to 210%. 

Another unexpected result is that T9.5 dwarfs 
appear to be brighter at all bandpasses than the 
mean for T9 dwarfs and the T9 standard UGPS 
J0722—0540. Given the smaller sample of T9.5 
dwarfs (three objects) and their more uncertain 
distances, this brightening is currently a 20 result; 
that is, the weighted means in table S3 are con- 
sistent with being equal at a P value of 0.05. Such 
a brightening is reminiscent of the change in 
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Fig. 2. Absolute magnitude as a function of spectral type for near-infrared and mid-infrared 
bandpasses. Objects typed as peculiar are shown as open white symbols. Objects with very uncertain 
distances are plotted with smaller gray symbols. Error bars for spectral types are not plotted, and small 
x-axis offsets have been added to the spectral types for clarity. 


Fig. 3. Intrinsic scatter in absolute magnitudes 
as a function of spectral type. Colored symbols 
indicate lower limits, and open symbols show up- 
per limits where no intrinsic scatter is detected. YO 
dwarfs show very low intrinsic scatter in the near- 
infrared, reversing the trend observed at the end of 
the T dwarf sequence that later type T dwarfs show 
increasing dispersion in their near-infrared abso- 
lute magnitudes. The much smaller sample of T9.5 
dwarfs are also suggestive of this reversal at J and 
H bands. There is no evidence for such a reversal in 
the mid-infrared, where both late-T and Y dwarfs 
show much less intrinsic scatter and distance un- 
certainties for Y dwarfs do not permit strong enough 
upper limits. 
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near-infrared fluxes from late-L to early-T dwarfs 
(13, 14); however, we note that the brightening 
at the L/T transition only occurs at blue near- 
infrared wavelengths, whereas we see brighten- 
ing at all bands for the T9.5 dwarfs. 

To derive bolometric luminosities from the 
absolute fluxes, we computed “‘supermagnitudes” 
by summing the fluxes in near- and mid-infrared 
bandpasses. This is an approximation to the stan- 
dard method of integrating the observed spectral 
energy distribution as a function of wavelength, 
which is not possible for Y dwarfs given the current 
lack of sensitive mid-infrared spectrographs. We 
derive a multiplicative correction to account for 
the remaining flux not captured in these bands 
from a large grid of model atmospheres (//, /5). 
The weak dependence on these models is high- 
lighted by the 8% fractional uncertainty in this 
correction factor (fig. $4). 

We used the Cond evolutionary models (16) to 
estimate radii and thereby temperatures, masses, 
and surface gravities from the bolometric lumi- 
nosities of our sample (Fig. 4 and table S5). We 
assumed fiducial ages of | and 5 billion years 
as expected for the field population (17, /8). 
The tangential velocities for our sample are con- 
sistent with having such typical ages. We find 
that the fractional change in temperature over this 
narrow range of spectral types is quite large: The 
mean temperature of T8 dwarfs is 685 to 745 K 
(for 1 to 5 Gyear), and this drops to 410 to 440 K 
for YO dwarfs (table S6). Thus, these two sub- 
types alone span the same fractional range in 
temperature as the entire sequence of FGK stars 
(7300 to 4400 K) that are ~10 times hotter. 

Although much cooler than their late-T coun- 
terparts, YO dwarfs turn out to be significantly 
warmer than previously suggested from model 
atmosphere fitting (fig. S5). The most common 
best-fit models of YO dwarfs in previous work 
have Tp = 350 K, with plausible model fits of 
400 K in some cases (3). Thus, model fits are 
typically 60 to 90 K (15 to 25%) cooler than 
we find from our distances combined with evo- 
lutionary model radii. If the fault lies with our 
assumed radii, they would need to be 30 to 50% 
larger than expected because Tee Ry ?. This 
would require very young ages (<100 million years) 
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or very large systematic errors in the evo- 
lutionary models that are not likely given the 
aforementioned empirical validation from tran- 
siting brown dwarfs. Rather, we suggest that pa- 
rameters derived from fitting model atmospheres 
to near-infrared spectra, where 5% of the flux 
emerges, are less likely to be accurate because 
current atmospheres imperfectly reproduce ob- 
served spectra. 

By using our luminosity measurements, we 
find that the coldest brown dwarfs would be 6 
to 10 Jupiter masses given an age of | Gyear. 
An older age of 5 Gyear implies 16 to 25 Jupiter 
masses. These masses therefore straddle the 
current demarcation of “planetary mass” set by 
the deuterium-fusing mass limit of ~13 Jupiter 
masses (/9—2/). Thus, it is possible that the at- 


log( Loot / begun ) 
on 


600 


400 7 


Effective temperature (K) 


200 | 


1 1 1 1 1 1 
T8 T9 YO Y1 ¥2 
Spectral type 


Fig. 4. Bolometric luminosities (L,,..) and 
effective temperatures for objects of spec- 
tral type T8 and later. Spectrally peculiar ob- 
jects are denoted by white symbols, and objects 
with L,., uncertainties larger than 0.2 dex are 
shown as smaller, gray symbols. These are either 
objects with very uncertain distances or the com- 
ponents of tight binaries, where the lack of re- 
solved mid-infrared photometry results in a very 
uncertain bolometric flux. Error bars for spectral 
types are not plotted, and small x-axis offsets 
have been added to the spectral types for clar- 
ity. Effective temperatures are derived from our 
Lpot Measurements and Cond evolutionary model 
radii. Upward and downward pointing triangles 
correspond to the median L,,., and lower and up- 
per age limits used (see table $5). Error bars show 
the range of temperatures corresponding to the 
+1o range of L,,, over the same age range. 


www.sciencemag.org SCIENCE VOL 341 


mospheres of our objects harbor deuterated mol- 
ecules such as HDO or CH3D that have not yet 
been detected because of the observational chal- 
lenges (22). 

Given the interest in both identifying the 
coldest atmospheric benchmarks and search- 
ing for the bottom of the initial mass function, 
we briefly consider the most extreme objects in 
our sample in terms of temperature and mass. 
WISEP J1828+2650 has been dubbed the ar- 
chetypal Y dwarf with a model-atmosphere 
temperature of <300 K, that is, room temper- 
ature, based on extremely red colors implying 
that the Wien tail of its underlying blackbody 
distribution has moved into the near-infrared 
(3). Our luminosity for this object is inconsist- 
ent with such a low temperature, and we find it 
must be at least 420 K at 20; our calculations 
give 52005) K at an age of | Gyear. [If WISEP 
J1828+2650 is a binary as proposed by (9), the 
20 limit at 1 Gyear only drops to 360 and 340 K 
for the hypothetical two components. ] Its atypical 
properties compared with other Y dwarfs may 
simply be due to a slightly lower surface grav- 
ity and thereby slightly younger age, which qual- 
itatively agrees with model predictions that the 
collapse in near-infrared flux happens at warm- 
er temperatures for lower surface gravity (23). 
Ross 458C is a contender for the lowest mass 
object, at 7 Jupiter masses, if its age is near the 
150-My lower limit of its proposed age range (24). 
However, WD 0806-661B is the most secure 
case for both lowest temperature (330 to 375 K) 
and lowest mass (6 to 10 Jupiter masses) object 
known, given that it has a precise age of 2.0 + 
0.5 Gyear (25). 

Overall, our results strengthen the connec- 
tion between the coolest brown dwarfs and gas- 
giant exoplanets. We validate that they probe 
an extreme physical regime that bridges the 
gap between previously known, hotter brown 
dwarfs and Jupiter-like planets. We find that 
objects of very similar temperatures can have 
widely varying spectral energy distributions and 
absorption features, for example, mid-infrared 
colors vary by 0.8 magnitude for the same Teg. 
Along with the fact that the >Y2 dwarf is warmer 
than the YO dwarfs, this implies that temper- 
ature is not the principal determinant in shaping 
spectra but rather seems to be on comparable 
footing with other physical properties, such as 
surface gravity, vertical mixing, clouds, and per- 
haps metallicity. Consequently, the current spec- 
tral classification scheme used to identify Y dwarfs 
may not strongly correlate with temperature as it 
generally does for L and T dwarfs. This could 
explain the unusually homogeneous fluxes for 
YO dwarfs, unusually heterogeneous fluxes for 
T9 dwarfs, and plateau or brightening of flux 
from T9 to T9.5. 
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In topological crystalline insulators (TCls), topology and crystal symmetry intertwine to 
create surface states with distinct characteristics. The breaking of crystal symmetry in TCls is 
predicted to impart mass to the massless Dirac fermions. Here, we report high-resolution 
scanning tunneling microscopy studies of a TCI, Pb;_,Sn,Se that reveal the coexistence of 
zero-mass Dirac fermions protected by crystal symmetry with massive Dirac fermions consistent 
with crystal symmetry breaking. In addition, we show two distinct regimes of the Fermi surface 
topology separated by a Van-Hove singularity at the Lifshitz transition point. Our work 

paves the way for engineering the Dirac band gap and realizing interaction-driven topological 


quantum phenomena in TCls. 


(J—5) are a class of materials that possess 

a new type of electronic topology that 
arises from crystalline symmetry; this gives rise 
to surface states with an unusual band dispersion 
and spin texture. In particular, the (001)-oriented 
surfaces of IV-VI semiconductor TClIs (Fig. 1A) 
harbor two generations of Dirac cones at dif- 
ferent energies (Fig. 1B). The band structure of 
(001) surface states can be visualized by starting 
from a pair of Dirac points located at the ¥ points 
at the edge of the surface Brillouin zone (BZ), 
with the Dirac point energies close to the con- 
duction and valence band edge, respectively (6). 
The hole-branch of the upper Dirac cone and 
the electron-branch of the lower Dirac cone 
coexist inside the band gap. The hybridization 
between these two branches leads to an avoided 
crossing in all directions except along the LY 
line, where a band crossing is dictated by elec- 
tronic topology of TCI and protected by the 
(110) mirror symmetry (6). Such a band recon- 
struction generates a new pair of low-energy 
Dirac nodes displaced symmetrically away from 
each XY point (Fig. 1B). 

The distinctive band structure of the TCI sur- 
face states has two important consequences. First, 
the formation of low-energy Dirac nodes is ac- 
companied by a Lifshitz transition (7): As the 
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Fermi energy moves deep into the band gap, the 
Fermi surface changes from concentric pockets 
of opposite carrier types centered at Y into a 
pair of disconnected pockets across the BZ 
boundary (Fig. 1B). The change of Fermi sur- 
face topology occurs via a saddle point in the 
surface band structure, which has been pre- 
dicted to lead to a divergence in the electronic 
density of states known as Van Hove singularity 
(VHS) at the saddle-point energy (6). Although 
a VHS generally enhances interaction effects and 
drives electronic instabilities (S-//), in TCIs in- 
teraction effects in combination with band topol- 
ogy may result in novel correlated states (12, 13). 
Second, when mirror symmetry is broken—either 
spontaneously or by external perturbations—the 
TCI surface states acquire a gap, creating massive 
Dirac fermions and providing an exciting avenue 
to control the properties of Dirac materials through 
strain or doping. 

We used a low-temperature scanning tun- 
neling microscope (STM) to track the disper- 
sion and the density of states of Pb;..Sn,Se with 
a nominal doping of x = 0.5 [determined to have 
an actual doping level of x = 0.34 (/4)], which 
lies in the topological regime (5). Single-crystal 
Pb,.,Sn,Se samples were cleaved in ultrahigh vac- 
uum at ~80 K before being inserted into the STM, 
and all measurements were obtained at ~4 K. Al- 
though Pb,.,.Sn,Se has a three-dimensional (3D) 
crystal structure (Fig. 1A), it cleaves along the [001] 
plane, resulting in the Pb/Sn-Se surface shown in 
Fig. 2A. STM topography reveals a square lat- 
tice whose inter-atom spacing of 4.32 A indicates 
a preferential imaging of either the Pb/Sn or the 
Se sublattice. 

The overall density of states in this TCI can 
be obtained by measuring di/dV spectra. A typ- 
ical di/dV(eV) spectrum in this material (Fig. 
1C) shows a V-shaped density of states, with a 
minimum at ~—80 meV. By comparing this with 
the schematic band structure, we tentatively as- 


signed the minimum at —80 meV to the Dirac 
point deep in the band gap labeled Epp, in Fig. 
1D and the approximately symmetric peaks on 
either side of this Dirac point (at ~—40 meV and 
~—120 meV) to the VHSs at the saddle point en- 
ergy, which as we show later in this paper is con- 
sistent with our data. To establish the surface-state 
dispersion, we developed a framework, which 
combines our magnetic field—-dependent STM 
data with a theoretical model. 

It is necessary to first understand the level 
of inhomogeneity in these samples. To do this, 
we compared spectra obtained at various spatial 
locations (Fig. 2C) and found a notable degree of 
spectral homogeneity over at least 300 A, despite 
the presence of randomly distributed Sn atoms 
within the Pb lattice; we henceforth used linecut- 
averaged spectra along the line shown in Fig. 2A 
for our analysis. This homogeneity should be 
contrasted with the highly inhomogeneous nature 
of graphene as well as doped topological insu- 
lators. This important feature makes Pb,.,.Sn,Se 
a much more stable host for topological surface 
states and allows true access to physics at the Dirac 
point with a variety of experimental probes. 

The line-cut averaged spectra at various mag- 
netic fields (Fig. 3A) show clear Landau level 
peaks. Comparing the zero-field spectrum with 
the spectra at higher fields, we found that for 
nonzero magnetic fields, a peak located precisely 
at the density of states minimum (at ~—80 meV) 
emerges. It is nondispersive; its position does not 
change with magnetic field, which confirms its 
origin as the Oth LL located at the Dirac point, 
Epp. In addition, we found other nondispersing 
peaks, which have been labeled E_*, E,*, and 
Epp2_ in Fig. 3A. To understand the electronic 
structure, as a first step we analyzed the LL data 
within a semiclassical picture. For normal 2D 
bands with linear or quadratic dispersion, the 
semiclassical approximation is applicable, and 
a plot of the LL peak position as a function of nB 
(where 7 is the LL index and B is the magnetic field 
strength) can be used to obtain information on 
the dispersion (/5—17). However, this requires us 
to index the dispersing LL peaks, which is a non- 
trivial task in this material. At energies away from 
the saddle points, the band structure is character- 
istic of Dirac fermions, with approximately linear 
dispersion (6); the peak energies can therefore 
be expected to collapse to one curve as a function 
of V/nB. By using this scaling behavior as a con- 
straint, we obtained the peak index assignments 
for the dispersing LLs (Figs. 2B and 3B). 

The resulting plot of the LL energy with 
VnB is shown in Fig. 3C. The sharp disconti- 
nuity in the LL plot in Fig. 3C and the jump in the 
LL index from n = 2 to 6 occur at the same 
energy as the di/dV peak labeled Eyys+ in Fig. 3, 
A and B, which suggests that they have a similar 
origin. Consulting the schematic band structure in 
Fig. 1D suggests that these features are a result of 
the Lifshitz transition; the flat dispersion at the 
saddle point creating the VHS as well as the 
missing peaks (n = 3,4,5). The jump in index 
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corresponds exactly to the doubling of the Fermi 
surface area expected from the Lifshitz transition 
(Fig. 3E). The observation of VHSs in a topo- 
logically nontrivial material close to the Fermi 
energy opens the exciting possibility of achieving 
correlated states in a Dirac material. VHSs have 


previously been observed in graphene (/8); how- 
ever, unlike in graphene, symmetry-breaking inter- 
actions modifying existing topologically protected 
electronic states in TCIs have the potential of gen- 
erating helical domain wall states (2) or Majorana 
fermion modes (79). 


Fig. 1. Crystal structure and schematic band structure A 


of TCls. (A) Crystal structure of Pb,,Sn,Se. The top view 
reflects the [001] plane, which is the surface seen in STM. The 
Sn and Pb atoms are expected to randomly occupy the blue 
sites. (B) Schematic band structure of the surface state 
showing the surface Brillouin zone as a blue plane and the 
four pairs of Dirac nodes, placed across the X point in 
momentum space. (C) Typical di//dV spectrum in zero field. (D) 
Cuts along two high-symmetry directions showing the 
calculated surface-state dispersion [calculated from our fit 


to the SM data (14)] of one of the four Dirac cones inside the 


BZ. The energy scales Eppz, Eviiss, Evs-r Eppos, and Epp2— 


Osn,Pb OSe 


represent the Dirac point associated with the Dirac node deep 


in the band gap, the two Van Hove singularities associated 
with the saddle points in the dispersion, and the two higher- 
energy Dirac points associated with the Dirac nodes at the X 
point, close to bottom of the conduction band and the top of 


the valance band, respectively. 


Fig. 2. STM image- and position-dependent spectra on Pb,.,Sn,Se. 
(A) Typical 40-nm STM topographic image at —100-meV bias voltage with 
clearly resolved atoms as seen in the smaller-scale zoomed-in image in 
the inset. (B) Averaged STM spectrum at 7.5 T showing Landau levels 
(blue). The second derivative spectrum (purple) shows the LL peaks much 
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We now discuss the appearance of the peaks 
labeled E_* and E,* (~£10 meV from Epp;) in 
Fig. 3A. The immediate observation is that the 
peak energies do not change with magnetic field 
strength. This rules out g-factor effects (or a 
Zeeman term). Furthermore, the appearance of 


E-E; (meV) 


' 
12/14/16 


(qrun ‘qre) AP/JP- JO “AIP puz 


C= 


50 0 
Bias voltage (mV) 


more clearly. Second derivative of spectra were therefore used to identify 
the peak positions. (C) Intensity plot of the second derivative LL spectra 
at 7.5 T as a function of position along the line shown in (A). The homoge- 
neous nature of the sample is reflected in the lack of variation in the peak 
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Fig. 3. Change in Fermi surface 
topology measured by Landau 
level spectroscopy. (A) Linecut 
averaged STM spectra at various 
values of magnetic field strength. (B) 
Second derivative of spectra shown 
in (A) that were used to trace the 
peak positions. (C) Plot of LL peak 
positions with \/nB. The data here 
are from spectra at the 10 differ- 
ent magnetic fields shown in (B). 
The pink dotted lines in (A) and (B) 
indicate the energies of the VHS 
peaks, which persist in magnetic field. 
(D) Plot of theoretically calculated 
Fermi surface area with energy, overlaid 
with experimental LL peak positions 
[from spectra in (B)] as a function 
of nB [details are available in (24)]. 
The jump in area corresponds to 
the Lifschitz transition. (E) Schematic 
of evolution of the constant energy 
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the additional peaks is restricted to the vicinity 
of the Dirac point Epp), whereas all the other LL 
peaks (except Epp2_, which we discuss later) can 
in principle be accounted for by the surface-state 
dispersion. If, however, the Dirac node (at Epp) 
is gapped out by the acquisition of a small mass 
term at zero-field, the resulting massive two- 
dimensional Dirac fermions will cause the appear- 
ance of a nondispersing n = 0 LL pinned at the 
energy of the Dirac mass (20). Mass acquisition 
could therefore potentially explain the existence 
of the E_* and E..* peaks. Their coexistence with 
the zero—mode LL peak at the gapless Dirac point 
Epp1, however, places strong constraints on the 
origin of the Dirac mass. In TCIs, such a scenario 
can only be realized when mirror symmetry is bro- 
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ken in one direction. Because there are two mir- 
ror planes within the surface BZ, it is possible to 
selectively break mirror symmetry reflection with 
respect to one mirror plane such as (110), leaving 
the other mirror plane unaffected. This can be 
achieved, for example, by a rhombohedral or or- 
thorhombic distortion of the crystal structure with 
a displacement of atoms at the surface (Fig. 4), 
which is a common distortion in this class of ma- 
terials (2/—23). Because only one of the two sub- 
lattices was visible in our STM images (Fig. 2A), 
we could not directly image this distortion. 

In order to confirm this scenario, we calcu- 
lated the Landau level spectra theoretically by 
adding a new symmetry-breaking mass term 
to the recently developed k.p Hamiltonian for 


Area of CEC S, (1/A’) 


TCls (6). The resulting LL spectrum as a function 
of magnetic field is presented as a fan diagram 
in Fig. 4. Comparing the LL fan-diagram without 
(Fig. 4B) and with (Fig. 4C) the symmetry-breaking 
term, the mass term (with an appropriately chosen 
mass of ~11 meV) partially splits the fourfold 
degenerate Oth LL, whereas the LL spectra at 
higher energies are not substantially affected. 
Comparing the theoretical model for coex- 
isting massive and massless Dirac fermions to 
our experimental data, we found good agreement 
between the two. The symmetry-breaking term 
gaps out two of the four nodes, but the sign of the 
mass term for the two gapped nodes is necessarily 
opposite, as dictated by time-reversal symmetry 
(2). As a consequence, the n = 0 LLs for the two 
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massless 


ip 


1 


without distortion 


~~ Epp) 


massive Dirac bands appear on the upper and 
lower branch of the spectrum, respectively, each 
of which is nondegenerate. This explains our ob- 
servation of two symmetric peaks near the Dirac 
point, Epp;. All the other Landau levels are only 
weakly affected by the symmetry breaking. 

By fitting the theoretical LLs to our STM data 
shown as green dots in Fig. 4C, excluding the 
peaks labeled Epp2_, we can calculate the surface- 
state dispersion for the massive and massless cones 
(Fig. 1D and fig. S3). The theoretical saddle point 
energy is ~40 meV from the Dirac point Epp), 
which is once again consistent with our previous 
identification of the zero-field di/dV peaks with 
VHSs. This analysis also provides a possible iden- 
tification of the nondispersing feature labeled 
Epp2_. Directly after the Dirac cones across the 
BZ merge, Dirac points appear at X, as shown 
in Fig. 1D (Epp2+ and Epp2_) and fig. 83 (14), 
which also result in nondispersing features in the 
LL calculations. Although this is suggestive that 
the experimental Epp2 may originate from the 
Dirac point at X, the theory and experimental 
energies are not identical. This could potentially be 
attributed to particle-hole asymmetry in the band 
structure, which is not included in the current 
model. The possibility of particle-hole asymmetry 
is also consistent with the observation that the LL 
data below Epp; show deviations from the theo- 
retical LL spectrum (Fig. 4C). 

Our data show an enhanced, nearly singular 
density of states inside in the bulk band gap and 
tied to the surface-state spectrum near the Dirac 
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point. The band structure enabled by the coex- 
istence of both massive and massless Dirac fer- 
mions in the same surface spectrum—as well as 
the enhanced density of states in close proximity 
to the Dirac pomnt—demonstrates that Pb,..Sn,Se 
constitutes a realistic, tunable platform for ex- 
ploring previously unknown topological states 
emergent via coupling to symmetry-breaking 
interactions. 
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adjusted to match the data. The red and blue lines 
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(D) without and (E) with a crystal distortion that leads 
to one broken mirror symmetry plane. 
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Abnormal Grain Growth Induced 
by Cyclic Heat Treatment 
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In polycrystalline materials, grain growth occurs at elevated temperatures to reduce the total area 
of grain boundaries with high energy. The grain growth rate usually slows down with annealing 
time, making it hard to obtain grains larger than a millimeter in size. We report a crystal growth 
method that employs only a cyclic heat treatment to obtain a single crystal of more than several 
centimeters in a copper-based shape-memory alloy. This abnormal grain growth phenomenon 
results from the formation of a subgrain structure introduced through phase transformation. These 
findings provide a method of fabricating a single-crystal or large-grain structure important for 
shape-memory properties, magnetic properties, and creep properties, among others. 


ost metals and ceramics have a poly- 
Metis structure that is composed 

of single-crystalline grains separated by 
interfaces, called grain boundaries (GBs). There 
are multiple types of GBs—including low-angle, 
high-angle, and coincidence—that each posses a 
partial randomness in the position of the atoms 
and are of higher energy than the neighboring 
crystal. Therefore, the polycrystalline structure is 
thermodynamically unstable, and the average grain 
size can increase during heat treatment to reduce 
the total GB area. The increase of average grain 
size occurs due to a gradual growth of the larger 
grains and elimination of the smaller ones, through 
GB migration. In certain circumstances, selective 
growth of a few grains occurs by engulfing the 
neighboring ones, resulting in formation of con- 
siderably huge grains; this phenomenon is known 
as abnormal grain growth (AGG). AGG is used in 
the fabrication process for Fe-Si electrical steels 
that have excellent magnetic properties with small 
core loss and are used in electrical power trans- 
formers, motors, and generators. In this alloy, the 
texture of Goss orientation ({110}<001>) show- 
ing higher magnetic property is realized by 
AGG (J) induced by second-phase (inhibitor) dis- 
persion and thermomechanical treatment (2). 
Although the mechanism for AGG has not fully 
been understood, it has been reported that strong 
retardation of normal grain growth (3-5) is one 
of the important factors (2). 

A well-known technique to obtain AGG is 
the strain-anneal method, consisting of a small 
macroscopic deformation followed by thermal 
annealing (6). AGG is brought about by en- 
croaching subgrain structure, which is formed 
by rearrangement of dislocations introduced by 
the macroscopic deformation. It has also been 
demonstrated that a single crystal can be ob- 
tained in a wire and plate by straining and sub- 
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sequent annealing with a temperature gradient 
(7-9). Another technique to produce a large 
grain or a single crystal in the solid state is the 
dynamic AGG, consisting of plastic straining 
at elevated temperatures (/0). These methods are 
only applicable to samples with a simple shape, 
such as a sheet or wire, in which fracture does not 
occur by slight plastic deformation. 

We have determined a simpler method to 
obtain AGG by cyclic heat treatment without 
macroscopic deformation in Cu-Al-Mn shape- 
memory alloys (SMAs). Cu-Al-Mn (17 atomic % 
Al) alloys quenched from the 8 (body-centered 
cubic) single-phase region at high temperatures 
exhibit shape-memory properties associated with 
the martensitic phase transformation (//, /2). 
According to the Cu-Al-Mn (10 atomic % Mn) 
phase diagram (fig. S1), because the Cu-Al-Mn 
(17 atomic % Al) alloy has the a (face-centered 
cubic) + B two-phase structure in the temper- 
ature region below ~650°C, the precipitation 
of the a phase occurs during cooling from the 
B-phase region or isothermal aging at lower tem- 
peratures. AGG of the B phase was realized by a 
process (Fig. 1) of slow cooling from the B-phase 
region (e.g., 900°C) to the a + B two-phase re- 
gion (e.g., 500°C) and subsequent heating to the 
B single-phase region (e.g., 800°C), as shown in 
Fig. 2B. Figure 2C shows the microstructure of 
a Cuyz;,6Al;7Mnj;.4 alloy sheet obtained by the 
cyclic heat treatment illustrated in Fig. 1. Abnor- 
mally large grains with lengths from 5 to 22 mm 
are formed. In contrast, in an isothermally an- 
nealed sheet, the maximum grain diameter of 
the B phase is ~2 mm, as shown in Fig. 2A, even 
though the final annealing at 900°C was per- 
formed for a full 24 hours. Furthermore, AGG 
repeatedly occurs by multiple cyclic heat treat- 
ments, in contrast to the conventional AGG where 
the growth rate of abnormal grains drastically de- 
creases with increasing mean grain size. Figure 2D 
shows the microstructure of the sheet specimen 
after five cyclic heat treatments. A grain approach- 
ing 50 mm in length was obtained with a total 
treatment time of 20 hours. 

To understand the origin of the AGG, we 
used the electron backscatter diffraction (EBSD) 


technique to analyze the microstructure in the 
initial stage of the grain growth. In Figure 3, 
panels A and B, respectively, show the quasi- 
colored orientation mapping of the 8 phase and 
the grain reference orientation deviation indi- 
cating the deviation from the average orientation 
of the grain for Cuz; ¢6Al)7Mnj;.4 quenched from 
730°C, which is just above the o solvus tem- 
perature (726°C). Surprisingly, small subgrains 
with a mean diameter of ~100 um, possessing 
orientation deviations from 1° to 2° to one an- 
other, are observed in every preexisting grain. A 
similar subgrain structure is formed by recovery 
through deformation and low-temperature anneal- 
ing. The subgrains, however, are consumed by re- 
crystallization through further high-temperature 
annealing. Thus, the fully recrystallized speci- 
men contains only a low density of dislocations 
and subboundaries in the recrystallized grains. 
In the present case, because the specimens were 
initially annealed at a high enough temperature 
to complete the recrystallization process, this sub- 
grain structure is not attributed to the strain an- 
nealing. No subgrain structure was observed after 
water quenching from the 8 single-phase region 
without cyclic heat treatment, meaning that the 
subgrains were not produced during water quench- 
ing but were preserved from the high-temperature 
state. The formation of such a subgrain structure 
occurs in the precipitation and dissolution of the 
o. phase during the cyclic heat treatment after 
recrystallization. Although the mechanism respon- 
sible for the AGG has not yet been determined, 
the formation of the subgrain structure is strongly 
related to this phenomenon. For example, the 
subgrain-boundary energy might be one of the 
driving forces. 

To clarify the formation mechanism of the 
subgrain structure, we used EBSD to examine 
the two-phase microstructure after precipita- 
tion of the a phase. Figure 4A shows the quasi- 
colored orientation mapping of the B phase (top) 
and a phase (middle) and grain reference ori- 
entation deviation mapping of the B phase (bot- 
tom) in a Cu-Al-Mn alloy slowly cooled from 
900° to 500°C. In the grain reference orientation 
deviation map, the orientation gradients up to 
3° and, occasionally, 5° are visible in the B phase 
around the o. precipitates. Figure 4B shows the 


800°C, 10 min or 
900°C, 60 min 
(B single-phase) 


900°C 
(B single-phase) 


10°C/min 
3.3°C/min 


Temperature 


500°C, 10 min 
(B + o two-phase) 


Time a 
Fig. 1. Overview of the annealing processes. 
Thermally cycling the 8 phase leads to a precipita- 
tion and subsequent dissolution of the a phase. 
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Fig. 2. The microstructure of a 
Cu-Al-Mn alloy with simple iso- 
thermal heat treatment and cyclic 
heat treatment. (A) The microstructure 
of a Cuz z¢Alx7Mnyz4 alloy sheet an- 
nealed at 900°C for 24 hours. (B) The 
microstructure of the Cuz; ¢Al7Mny14 
alloy annealed at 900°C for 5 min, 
followed by cooling to 500°C and, 
subsequently, heating to 800°C with 
a holding time of 10 min. One grain 
abnormally grows to ~7 mm. (C) The 
microstructure of a Cuzz ¢Alr7Mni44 
alloy sheet annealed at 900°C for 
10 min, followed by cooling to 
500°C and subsequent heating to 
900°C with a holding time of 60 min. 


(D) The microstructure of a Cu7,.¢Al,7Mn,, 4 alloy sheet subjected to five cycles of the above-mentioned 


heat treatment, showing grains with sizes on the centimeter scale. 


Fig. 3. Crystallographic orientation A 
of a Cu-Al-Mn sheet heated to 
730°C and then quenched. (A) 
Quasi-colored orientation mapping 
(OM) of a Cu71,,Al,7Mn,; 4 alloy sheet 
quenched from 730°C in the heating 
process after cooling from 900° to 
500°C. The EBSD technique was used 
to analyze the microstructure. The 
colors correspond to crystal direction 
parallel to the normal direction given 
in the stereographic triangle. (B) 
Grain reference orientation deviation 
(GROD) mapping, where the color 
value of every pixel is calculated as 
the misorientation angle of this pixel 
with respect to a reference orienta- 
tion (average orientation of a grain) 
in the same grain. Subgrains are shown 
in every normal grain. Arrows indi- 
cate the migration of GBs. 


Fig. 4. Microstructure and crystallo- 
graphic orientation in the @ and B two- 
phase of a Cu-Al-Mn alloy cooled from 
900°C. (A) Quasi-colored OM of the B 
phase (top) and the o. phase (middle) in nor- 
mal direction and GROD mapping of the B 
phase (bottom) of Cu-Al-Mn quenched from 
500°C. (B) (110) pole figure of the 8 phase 
(top) and o phase (bottom) of Cu-Al-Mn 
quenched from 500°C. RD, rolling direction; 
TD, transverse direction. (C) Quasi-colored 
OM of the o. and B phases (left) in normal 
direction and GROD mapping of the B 
phase (right) of a Cu-Al-Mn alloy quenched 
from 680°C, showing the formation of a 
subgrain structure in the matrix phase. The 
color key for OMs is given in the stereo- 
graphic triangle of Fig. 3A. 
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(110) pole figures of the B and o phases in the Cu- 
ALMn alloy cooled to 500°C. Each B grain contains 
a broad orientation, which is due to the orienta- 
tion variation by the precipitation of the a phase, 
and the almost-isotropic broadening means that 
the orientation changes in many different direc- 
tions. The orientation relationship between B and 
o. phases is shown in Fig. 4B, where the Bain ori- 
entation relationship ({010},//{010},, (101)3// 
(001).), K-S orientation relationship ({110},// 
{111},, (111)p//(110),), and Pitsch orientation 
relationship ({110} p//{100},,,(1 1 1)g/KO11)_) are 
detected in several observed areas. A typical 
microstructure including the coarse and large 
precipitates observed for the specimen slowly 
cooled to 680°C is shown in Fig. 4C. The sub- 
grain boundary apparently expands from the 
interphase boundary to the B-phase matrix re- 
gion, and the orientation change in the B grains 
becomes visible. The interface between the o and 
B phases is semicoherent (fig. S2), and the ori- 
entation gradient of the B matrix is more notice- 
able around large a precipitates than that around 
fine precipitates. This result suggests that the 
subgrain boundary may be formed through loss 
of coherency of the growing precipitate, gener- 
ating dislocations in the matrix (/3—/5). This 
discussion could be understood in relation to 
the internal stress superplasticity induced by 
thermal cycling under an external stress, where 
internal stress arises from the differences in vol- 
ume or thermal expansion coefficient between 
two phases, etc. (16-25). Such subgrains intro- 
duced in the B matrix clearly remain, even after 
dissolution of the a phase during heating to the B 
single-phase region, and the fully subgrained 
structure is finally formed. Because the subgrain 
structure is easily formed by a cyclic heat treat- 
ment, AGG can be repeatedly induced with no 
macroscopic deformation. Therefore, it may be 
possible to apply this technique to other alloys 
that form semicoherent precipitates at lower 
temperatures. 


27 SEPTEMBER 2013 


1501 


REPORTS 


1502 


From the viewpoint of material cost, cold 
workability, and machinability, Cu-based SMAs 
are superior to the commonly used Ti-Ni alloy 
(11, 12, 26). In Cu-Al-Mn alloys, the stress-strain 
behavior of polycrystalline alloys strongly de- 
pends on their grain size relative to the diameter 
of wires or to the thickness and width of sheets 
(12, 27, 28). When the mean grain size is suf- 
ficiently smaller than the cross-sectional sizes, 
three-dimensionally constrained grains cause 
large constraint during deformation due to the 
incompatibility of transformation strain at GBs, 
resulting in deterioration of superelasticity due 
to plastic deformation. In a bamboo structure, in 
which grains transverse the cross section as shown 
in Fig. 2, C and D, the grain constraint is drastically 
decreased, and Cu-Al-Mn alloys can show high 
superelastic strain comparable to Ti-Ni alloys. 
This feature has limited the use of this alloy to 
thin wires (<1.5 mm in diameter) (72, 27) or thin 
sheets, because the formation of a bamboo struc- 
ture through the normal grain growth is not easy. 
We have successfully obtained two Cu-Al-Mn 
alloy bars with 15- and 30-mm diameters with a 
bamboo structure using the AGG method, and we 
have confirmed excellent superelasticity (fig. $3). 
The superelastic properties of Cu-Al-Mn alloys 
have potential for seismic applications (26). 
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Cation Intercalation and High 
Volumetric Capacitance of 
Two-Dimensional Titanium Carbide 
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Michel W. Barsoum,? Yury Gogotsi?’7+ 


The intercalation of ions into layered compounds has long been exploited in energy storage devices 
such as batteries and electrochemical capacitors. However, few host materials are known for 

ions much larger than lithium. We demonstrate the spontaneous intercalation of cations from 
aqueous Salt solutions between two-dimensional (2D) Ti;C, MXene layers. MXenes combine 2D 
conductive carbide layers with a hydrophilic, primarily hydroxyl-terminated surface. A variety of 
cations, including Na*, K*, NH4*, Mg2*, and Al?*, can also be intercalated electrochemically, 
offering capacitance in excess of 300 farads per cubic centimeter (much higher than that of porous 
carbons). This study provides a basis for exploring a large family of 2D carbides and carbonitrides 
in electrochemical energy storage applications using single- and multivalent ions. 


ith the increased demand for portable 
and clean energy, electrochemical ca- 
pacitors have been attracting attention 
because of their much greater power density and 
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cyclability relative to Li batteries (7, 2). However, 
electrical double-layer capacitors (EDLCs), in 
which the capacity is due to the electrosorption of 
ions on porous carbon electrodes, have limited 
energy density (2). Pseudo-capacitors, in which 
the capacity is due to redox reactions, provide 
higher energy densities but usually suffer from 
shorter cyclic lifetimes. RuO nanosheets have 
been used in redox capacitors and have shown 
impressive capacitance and cyclability, but they 
are quite expensive to produce (2, 3). 

Energy density enhancement of capacitors 
can be achieved by using hybrid devices, which 


combine a battery-like redox electrode and a 
porous carbon electrode (4). Another approach 
is to use materials in which charge storage is 
due to intercalation of ions between atomic layers 
because the capacitances—even at high discharge 
rates—are high. For example, nanocrystalline 
Nb,O; films with storage capacities of ~130 
mAh g ! at rates as high as 10 C (charge/discharge 
in 6 min) for Li’ ions in organic electrolytes have 
been reported. The specific structure of this ma- 
terial can best be described as a crystalline net- 
work with two-dimensional (2D) transport paths 
for ions between atomic layers; thus, even thick 
electrodes show excellent behavior (5). Another 
example is Mg-buserite electrodes, which exhibit 
good Na’ ion intercalation capacitances but have 
poor electrical conductivities (6). Most materials 
for electrodes that can provide intercalation or sur- 
face redox capacitances are poor electronic con- 
ductors [e.g., graphene oxide or TiO, (7)] or are 
hydrophobic [e.g., graphene (8)]. 

Recently, we reported on a large family of 
2D materials that we labeled “MXenes,” which 
combine good electrical conductivities with hy- 
drophilic surfaces. MXenes are 2D materials syn- 
thesized by the extraction of the “A” layers from 
the layered carbides or carbonitrides known as 
MAX phases. The latter have a general formula 
of M,+1AX,, (n = 1, 2, 3), where M represents a 
transition metal; A usually represents a III A or 
IVA element (such as Al, Ga, Si, or Ge); and X 
represents C and/or N (9). The MXenes Ti;C, 
(10), TigC, TagC3, TINBC, and (VosCto.s)3C2 (12), 
have been fabricated by immersing Al-containing 
MAX powders in HF solution at room or slightly 
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elevated temperature (/2). This synthesis proce- 
dure leads to the termination of MXene surfaces 
by primarily O and/or OH groups with some 
fluorine present. These terminated MXenes are 
of the form M,,+;X,T,, where T represents sur- 
face termination (O, OH, and/or F) and x is the 
number of termination groups. We recently showed 
that Ti;CT,, can be readily and spontaneously in- 
tercalated with organic molecules such as hydra- 
zine, dimethyl sulfoxide (DMSO), and urea (/3). 

MXenes have shown promise as electrode 
materials for Li-ion batteries and Li-ion capac- 
itors (13, 14). For example, when Li* ions in- 
tercalate into Ti3;C,T,, a steady-state capacity of 
~410mAhg | at | Cis obtained for additive-free 
flexible electrodes (/3). Furthermore, theoretical 
calculations have predicted that Li* ions should 
diffuse rapidly on Ti3C> surfaces, as well as result 
in high storage capacities (/5). However, spon- 
taneous intercalation of cations from aqueous solu- 
tions has neither been theoretically predicted nor 
experimentally demonstrated. 

Here, we report on the intercalation of Li’, 
Na’, Mg”", K*, NH,", and Al* ions between 
the 2D Ti3C2T,, layers (Fig. 1A). In most cases, 
the cations intercalated spontaneously. A sche- 
matic of the process is shown in Fig. 1B. The 
intercalation of some ions, notably AB*, can ad- 
ditionally be promoted electrochemically. We also 
report on intercalation-induced high capacitances 
of flexible Ti3;C,T,. paper electrodes in aqueous 
electrolytes. 

A large number of salts, bases, and acids were 
explored (table S1). X-ray diffraction (XRD) pat- 
terns showed that, after placing the Ti3C2T, in 
various salt solutions (fig. S1, A to C), there 
was a downshift in the (0002) peak position. This 
downshift shows that in all cases, there was an 
increase in the c-lattice parameter. For exam- 
ple, the c value of Ti;C5T,, increased from 20.3 A 
to as much as 25.4 A when placed in potassium 
hydroxide (KOH) and ammonium hydroxide 
(NH,OH) solutions (fig. S1A). In addition to the 
compounds listed in fig. S1, A to C, other salts 
intercalated spontaneously when the MXene 
powders were immersed in sodium carbonate 
(NazCO3), sodium hydroxide (NaOH), or lithium 
hydroxide (LiOH) solutions. 

Not all salts behaved similarly. In the case of 
high-pH solutions such as KOH, NH,OH, NaOH, 
LiOH, and several others (table S1), the changes 
in the interplanar spacing were large (fig. S1A). 
Conversely, close-to-neutral solutions such as Na, 


Fig. 1. Intercalation of multi- 
layer exfoliated Ti;C,T,. (A) 
Scanning electron micrograph of 
the Ti3C,T, layered particle. Inset 
is a schematic of the same, show- 
ing the 2D nature of MXenes. 
(B) Schematic illustration of the 
intercalation of cations between 
Ti3C.T, layers. The interlayer 
spacing d increases after ion 
intercalation. 
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K, and Mg sulfates resulted in smaller changes in c 
(fig. S1B; see also table S1). No shift in the (0002) 
peak positions was observed when Ti3;CT,. was 
immersed in acetic or sulfuric acid. 

To shed light on whether the cations or anions 
intercalated the Ti3C2T,, layers, we tested three 
sodium salts with differing anion radii. The re- 
sults (fig. S1C) showed that the c-axis expansions 
were comparable and independent of anion radii. 
Furthermore, energy-dispersive x-ray spectros- 
copy analysis of Ti;C2T,, after treatment in the 
different sulfate salts (fig. S1B) confirmed the 
presence of the cations; sulfur was not detected 
(table S2), confirming that it is the cations that 
intercalate between the Ti3C T, layers. 

Materials with large specific surface area are 
typically needed to obtain large capacitances in 
carbon materials for EDLCs. However, at 23 n’/ g, 
the surface area of multilayer exfoliated Ti3CT,. 
is low (/3). It follows that if double-layer capac- 
itance were the only operative mechanism, one 
would expect the capacitance for this material 
to be less than that of (for example) activated 
graphene by a factor of 100 (/6). However, as 
noted above, intercalation capacitance can by far 
exceed double-layer capacitances calculated sole- 
ly on the basis of a material’s surface area (6, 17). 

To test this idea, we fabricated multilayer 
TigC2T, electrodes (see supplementary materials 
for details) and tested them in NaOH-, KOH-, 
and LiOH-containing electrolytes using a stan- 
dard three-electrode asymmetrical setup with an 
Ag/AgCl reference electrode (fig. S2). The re- 
sulting cyclic voltammograms (CVs) are shown 
in Fig. 2A [see fig. S4 for the corresponding 
electrochemical impedance spectroscopy (EIS) 
results]. The rectangular-shaped CVs indicate 
capacitive behavior in these basic solutions. Note 
that in all experiments, the open circuit potential 
(OCP) was taken as the starting potential for the 
CV scans because 0.1 V above this potential, 
Ti3C2T, oxidation is observed in aqueous electro- 
lytes (see fig. S3). 

To study the effect of a cation’s valence on 
the electrochemical performance of multilayer 
exfoliated Ti3C>T,, electrodes, we performed CV 
scans in 1 M solutions of potassium and aluminum 
sulfates and nitrates (Fig. 2B and fig. S4B). Clearly, 
the responses in the K*- and AP’'-containing 
solutions were distinctively different, confirming 
once again that the cations (and not the anions) 
are intercalating. The CV plots for K,SO, are al- 
most perfectly rectangular. Conversely, the CV 
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data for the more acidic (see table S3) and less 
conductive Al,(SO,4)3 electrolyte yield capac- 
itance values that are significantly lower, and 
the shape of the CV at 10 mV/s and the EIS results 
show a higher resistance (Fig. 2B and fig. S4B). 
To ensure that lower electrolyte conductivity did 
not limit the capacitive performance, we tested 
Ti3C2T,. in 1 M Al(NO3)3, which has a conduc- 
tivity similar to that of 1 M K,SO, (table S3). 
Although the normalized capacitance did not in- 
crease appreciably, the CV loops were definitely 
more rectangular (Fig. 2B), demonstrating the 
role of electrolyte conductivity. 

Further evidence for cation intercalation and 
its beneficial effect on capacitance comes from 
the observation that for some electrolytes, time 
was needed to reach a steady state or maximum 
capacitance. For strongly basic electrolytes (table 
S1), such as KOH solutions, the rectangular CV 
plots were observed almost immediately and the 
capacitances did not change with time or cycle 
number. For other electrolytes, however, there 
was a slow and gradual increase in capacitance 
with time. For example, for salts such as MgSOu, 
the CV area increased steadily with time and the 
maximum capacity was reached only after 48 hours 
(see figs. S5 and S6). Unlike what is observed for 
graphite (78), there was no irreversible capac- 
itance loss during the first cycle for any of the 
electrolytes studied. 

The performance of the multilayer Ti;C T,, in 
all tested electrolytes is summarized in Fig. 2C. 
The specific capacitances were calculated by in- 
tegrating the discharge portions of the CV plots. 
The results clearly showed responses that de- 
pended on the electrolytes used. Moreover, the 
calculated capacitances were quite high for a 
material with such low surface area. 

In situ XRD studies of the intercalation pro- 
cess during cycling showed that electrochemical 
cycling leads to insignificant changes in the c 
values. For example, when a Ti3C2T, electrode 
was cycled in a KOH-containing electrolyte, the 
c values fluctuated within 0.33 A as the potential 
was scanned from —1 to —-0.2 V (Fig. 3A). Inter- 
estingly, a slight shrinkage in c values was ob- 
served with increasing voltage. Similar behavior 
was observed when Ti3C3T,,. was cycled in NaOAc- 
containing electrolyte (fig. S7). The simplest 
explanation for this observation is that the pos- 
itively charged ions incorporated in Ti3;C,T,, in- 
crease the electrostatic attraction between layers, 
in a manner analogous to what is observed for 
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MnO, (/9). When TizCzT,. was electrochemical- 
ly cycled in a MgSO,-containing solution, the 
shift of the (0002) peak almost doubled relative 
to the KOH and NaOAc electrolytes (compare 
Fig. 3A and Fig. 3B). Here again, a slight shrink- 
age in c values was observed with increasing 
voltage. 

To gain further insight into the capacitances 
and what influences them, we tested MXene 
“paper” produced by filtering delaminated Ti3C.T,, 
(Fig. 4B). This paper, with a specific surface area 
of 98 m’/g, is flexible (inset in Fig. 4B), hy- 
drophilic, additive-free, and conductive. When 
tested in KOH, the CVs were rectangular, simi- 
lar to those obtained when multilayer Ti;C2T, 
powder was used (compare Fig. 4C to Fig. 
2A). Furthermore, the EIS results indicated that 
the Ti3;C2T,. paper-based capacitors were less 
resistive (Fig. 4D) than those made with mul- 
tilayer TisC.T,, (fig. S4A). This improved electro- 
chemical response can be related to a number of 
factors, such as the absence of a binder in the 
system, good contact between the restacked 
flakes in the paper, increased accessibility of 
the structure, and thinner electrodes (Fig. 4, A 
and B). 

As shown in Fig. 4E, the use of Ti3CzT, 
paper electrodes instead of multilayer exfoliated 
TisC2T, in some electrolytes (e.g., KOH and 
NaOAc) roughly doubled the gravimetric capac- 
itance (see fig. S8 for more information about the 
performance of Ti;CyT, paper in NaOAc and 
MgSO,). Even more impressively, the volumet- 
ric capacitance values recorded for few-layer 
TisCoT, were on the order of 340 F/cm? for KOH 
(Fig. 4C and fig. S9). Those values are much 
higher than those found for activated graphene 
[60 to 100 F/em? (5, 20)] or micrometer-thin 
carbide-derived carbon electrodes [180 F/cm* 
(21, 22)]. Extreme values for MnO, hybrid elec- 
trodes [1200 F/cm? (23); 640 F/em? (24)] were 
obtained on thin films of supported nanoparticles, 
and therefore cannot be compared with our 
electrodes. A capacitance retention test per- 
formed by galvanostatic cycling at 1 A/g showed 
almost no degradation in performance after 
10,000 cycles (Fig. 4F). 

Our results show that a variety of cations of 
various charges and sizes can readily intercalate, 
from aqueous solutions, both multilayer exfoli- 
ated Ti3C.T, and MXene paper made of few 
layers of TizC2T,.. The phenomenon depends on 
pH and the nature of the cations. Extensive in- 
vestigation of the electrochemical properties of 
the Ti3C,T,, in these aqueous electrolytes showed 
notable intercalation capacitances. The best per- 
formance was observed in basic solutions, such 
as KOH and NaOH for binder-free Ti3C2T, 
paper. The latter is highly flexible and yielded 
volumetric capacitance of up to 350 F/em*. 

As noted, eight MXenes have been reported 
to date (/0) and many more have been theoret- 
ically predicted (25, 26). Thus, the volumetric 
capacitances described above are probably far 
from the maximum values possible for MXenes 
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Fig. 2. Electrochemical performance of Ti3C,T,- 
based supercapacitors in various aqueous elec- 
trolytes. (A) CV profiles in NaOH-, KOH-, and 
LiOH-containing solutions at 20 mV/s. (B) CV 
profiles in K2SO,, Al2(SO,)3, and Al(NO3)3 solu- 
tions at 20 mV/s. (C) Summary of rate perform- 
ances in different aqueous electrolytes. 
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Fig. 3. Electrochemical in situ x-ray diffraction study of multilayer exfoliated Ti3C.T,. (A) Ti3CzT, 
in 1 M KOH solution; (B) Ti3C2T, in 1 M MgSO, solution. Vertical dashed lines indicate the original 
position of the (0002) peak of the Ti3C2T, electrodes before mounting in a cell. Inclined arrows show the 
direction of the (0002) peak shift. Insets illustrate cycling direction and concomitant changes in c lattice 


parameters during cycling. In both KOH and MgSO, electrolytes, shrinkage during cathodic polarization 
is observed. 


in general. The flexibility of Ti;C,T, paper (Fig. 
4B) also opens the door for the use of MXenes 
in flexible and wearable energy storage devices 
(27). The fact that a variety of ions, as different 
as Na* and Al**, can be accommodated between 
the MXene layers may also enable MXene use 
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in batteries as well as in metal-ion capacitors 
(battery-supercapacitor hybrids). Thus, this work 
opens up exciting possibilities of developing im- 
proved intercalation electrodes for batteries, su- 
percapacitors, and hybrid devices using a large 
variety of ions and/or electrode chemistries. 
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Fig. 4. Electrochemical performance 
of binder-free Ti3C,T, paper elec- 
trodes: (A) Schematic of electrode 
fabrication. During the first stage, the 
multilayer Ti3C2T, powders are delam- 
inated to produce few-layer MXene flakes 
(see supplementary materials); the result- 
ing colloidal solution is filtered through a 
porous membrane, producing binder- 
and additive-free Ti3C,T, paper elec- 
trodes for further use in capacitance 
tests. (B) Scanning electron micrograph 
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of paper electrode. Inset is a photograph 
of the paper showing its flexibility. (C) 
CV of Ti3C,T, paper in KOH electrolyte. 
(D) EIS data in KOH for Ti3CT, electrode 
(KOH, solid symbols) and Ti3C,T, paper 
(p-KOH). (E) Rate performance of the 
TisC.T, paper (open symbols) versus mul- 
tilayer exfoliated Ti3C,T, electrode (solid 
symbols) in KOH-, MgSO,-, and NaOAc- 
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containing electrolytes. (F) Capacitance 
retention test of Ti3C,T, paper in KOH. 
Inset: Galvanostatic cycling data collected 
at 1 Ag. 
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Shape Memory and Superelastic 


Ceramics at Small 


Scales 


Alan Lai,? Zehui Du,” Chee Lip Gan,”? Christopher A. Schuh?* 


Shape memory materials are a class of smart materials able to convert heat into mechanical strain (or 
strain into heat) by virtue of a martensitic phase transformation. Some brittle materials such as 
intermetallics and ceramics exhibit a martensitic transformation but fail by cracking at low strains and 
after only a few applied strain cycles. Here we show that such failure can be suppressed in normally brittle 
martensitic ceramics by providing a fine-scale structure with few crystal grains. Such oligocrystalline 
structures reduce internal mismatch stresses during the martensitic transformation and lead to robust 
shape memory ceramics that are capable of many superelastic cycles up to large strains; here we describe 
samples cycled as many as 50 times and samples that can withstand strains over 7%. Shape memory 
ceramics with these properties represent a new class of actuators or smart materials with a set of 
properties that include high energy output, high energy damping, and high-temperature usage. 


hape memory materials are solid-state trans- 
ducers, able to convert heat to strain and 
vice versa. They exhibit two unusual prop- 
erties: (i) the shape memory effect, which is the 
ability to transform to a “remembered” predefined 
shape upon the application of heat, and (ii) super- 
elasticity, which is the ability to deform to large 
strains recoverably, while dissipating energy as 
heat. The underlying mechanism in crystalline 


shape memory materials is a thermoelastic mar- 
tensitic transformation between two crystallograph- 
ic phases that can be induced thermally (the shape 
memory effect) or by the application of stress 
(superelasticity) (/, 2). The ability to transduce 
heat and strain renders shape memory materials 
useful in a wide variety of actuation, energy- 
damping, and energy-harvesting applications 
(3-7). To be of practical use, the material must 
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be able to accommodate the extreme deviatoric 
strains associated with the phase transformation 
without cracking or otherwise sustaining damage. 
There are, however, a number of materials with 
martensitic transformations that do cause cracking, 
most often because shape distortions in adjacent 
crystal grains are incommensurate with one an- 
other, inducing large mismatch stresses and trig- 
gering fracture. 

One conspicuous class of brittle materials— 
ceramics—falls into this category. A number of 
brittle ceramics exhibit martensitic transformations 
and thus are candidate shape memory materials 
(S—10). For example, zirconia has a well-studied 
martensitic transformation (8, //—14) between 
tetragonal and monoclinic phases, with associated 
shear strains of up to 15% (/5, 16). However, the 
mismatch stresses in polycrystalline zirconia pre- 
vent shape memory behavior. At strains of only 
about ~2%, cracking is observed after only a few 
transformation cycles (/7). This is unlike shape 
memory metals such as Ni-Ti, which can with- 
stand large strains up to ~8% and at lower strain 
levels can be reversibly transformed up to millions 
of cycles (/8). 

Because the fundamental cause of cracking 
in ceramics with martensitic transformations is 
transformation mismatch stresses, our strategy 
is to reduce those stresses through two main ap- 
proaches. First, we reduce the size scale of the 
specimen itself: A smaller ceramic has a higher 
surface area-to—volume ratio, and the free surfaces 
can contribute to stress relaxation. Second, we 
strive to reduce the number of crystals within the 
volume of the specimen: An “oligocrystalline” or 
even single-crystalline material contains fewer 
grain junctions where the individual grain trans- 
formation strains will compete. Both of these con- 
cepts have been explored in shape memory metals 
(7, 19-21); we extend their application to ceramics. 

Our experiments used polycrystalline zirconia 
doped with either ceria, yttria, or both, processed 
into solid polycrystalline specimens using conven- 
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tional methods (22, 23). From these polycrystalline 
specimens micrometer-scale pillars were fabri- 
cated, using focused ion-beam milling. The re- 
sulting pillars were sized to be smaller than or 
near the average grain size of the ceramics, and 
so were either single-crystalline or oligocrystalline 
[defined in (2/) as having more surface area than 
grain boundary area] in every case. We applied 
loads to pillars both in a mode of axial compression 
and in bending, using a Hysitron nanomechanical 
test platform with a blunt conospherical tip (24). 

A typical stress-strain curve for a 16 mole % 
(mol %) CeO>-ZrO> superelastic specimen loaded 
in compression is shown in Fig. 1A. Loading 
begins in the tetragonal phase (which here, in the 
context of shape memory materials, is referred 
to as “austenite”), and after an initial linear elastic 
response, a critical stress is reached that induces 
the phase change into the monoclinic phase (which 
is referred to as “martensite”). This is seen as a 
slope reduction in the curve, which evolves as 
the transformation progresses to large strains of 
~7%. Upon unloading, there is a linear elastic 
response of the martensite phase until another 
critical stress—that for reversion to austenite—is 
reached and a second lower plateau is seen. Com- 
plete unloading leads to a full recovery of the 
strain. The total energy dissipated during the cy- 
cle is quantified by the area within the curve and 
is listed in table S1. 

The stress-strain curve shown in Fig. 1A is 
characteristic of the many hundreds that we have 
measured on a variety of fine-scale austenitic zir- 
conia ceramic pillars. We find that these samples 
exhibit all the attributes of a good superelastic 
material. This includes large strains up to 7% in 
some pillars, as well as the ability to cycle re- 
versibly through the transformation many times. 
A series of typical stress-strain curves during cy- 
cling is shown in Fig. 1B and shows that super- 
elastic properties are present over many cycles. 
There is a gradual evolution of the stress-strain 
hysteresis loop with cycling that is expected as 
a superelastic material becomes “trained” to a 
particular kinematic transformation pathway (25). 
In addition to the results in Fig. 1, a variety of 
other specimens were cyclically loaded without 
failing for dozens of cycles; up to 50 cycles were 
applied to a single pillar. More stress-strain curves 
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exhibiting a range of different achievable stress and 
strain combinations for different pillars can be 
found in figs. S4 to S11. Some pillars did expe- 
rience cracking [see (24) for more details], but only 
after many more cycles than have previously been 
reported in polycrystalline specimens (/7). 

Fine-scale zirconia pillars in the tetragonal 
(austenite) phase were also found to exhibit ex- 
cellent shape memory properties when deformed 
at a temperature in between the martensite and 
austenite transition temperatures, as shown in the 
scanning electron microscope images in Fig. 2. 
Upon loading at room temperature, shape change 
is effected by a stress-induced transformation from 
austenite to martensite, and when the load is re- 
moved the new shape remains. This is illustrated 
for an example pillar of 8 mol % CeO2—0.5 mol % 
Y 203—ZrO;, loaded in a bending mode, between 
Fig. 2, A and B, to an approximate strain of 8% 
(24). The occurrence of the stress-induced mar- 
tensitic transformation is also evidenced by stripe 
patterns formed on the lateral side of the pillar 
that we interpret as martensite variants, as shown 
in fig. S12A. Subsequent heating above the aus- 
tenite transition temperature causes the martensite 
to revert to austenite, which is crystallographically 
constrained to return the material to its original 
shape. This shape recovery is shown in Fig. 2C 
after the specimen was heated to 500°C for 2 hours, 
and was accompanied by the nearly complete dis- 
appearance of the martensite variant stripe patterns 
on the side of the pillar (fig. $12B). 

The results shown in Figs. 1 and 2 confirm 
that zirconia ceramics are capable of both the 
shape memory effect and superelasticity, and the 
demonstration of these effects to large strains and 
through multiple cycles departs substantially from 
the prior literature on the martensitic transforma- 
tion in zirconia. As noted earlier, the cracking and 
failure of zirconia ceramics during such trans- 
formations are widely known. Cracking has only 
been suppressed in prior work by completely 
eliminating the transformation itself, as is done 
for the fully stabilized zirconia ceramics in wide 
technological usage today (8). Some earlier re- 
ports have suggested that shape memory proper- 
ties may be possible in zirconia (17, 26-28), but 
these also reported failure at low strains (~1 to 
2%) after only one or a few cycles. 


Strain (%) 


curves for a pillar with deg = 1.19 um [pillar G in (24)]. The superelastic response stabilizes after ~10 cycles. 
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The prospect of a new class of shape memory 
materials based on fine-scale ceramics is poten- 
tially technologically interesting, because ceramics 
occupy a different region in property space than 
any other shape memory materials. 

The very high strength of ceramics permits 
access to shape memory and superelasticity at 
very high stress levels relative to shape memory 


metals. Figure 3A shows a single superelastic 
curve for one of our zirconia ceramics as com- 
pared to literature data for two common shape 
memory alloys; the achievable actuation stress 
in the ceramic is four or more times that in the 
metals. A more thorough evaluation of the ac- 
tuation stresses and strains of shape memory ce- 
ramics vis-a-vis other actuators of many kinds is 
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Fig. 2. Demonstration of the shape memory effect in small-scale zirconia pillars. (A) Pillar milled 
from austenite before deformation [de = 1.02 um, pillar ] in (24)] (B) Pillar after bending at room 
temperature in the martensite phase. (C) Heating induces the phase transformation to austenite and leads to 
recovery of the original shape, which is retained upon cooling to a state comparable to that in (A). 
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Fig. 3. Comparison of small-scale shape memory zirconia with other structural and actuator 
materials. (A) Stress-strain curves for superelastic zirconia, NiTi (29), and CuAlNi (7). (B) Actuator stress 
and strain for various actuator materials and systems. Contours of constant specific work are indicated 
by dashed lines [adapted from (3)]. (C) Martensite transformation temperatures for shape memory 
ceramics and metals (30); ceramics have much higher operational ranges. (D) Stress-strain curves for 
superelastic zirconia and MgO partially stabilized zirconia (31); upon loading to fracture, significantly 
more energy is dissipated in the fine-scale superelastic zirconia. 
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presented in Fig. 3B. Shape memory ceramics of- 
fer work output values approaching 100 MJ/m? 
and on this basis exceed not only shape memo- 
ry alloys but also mechanical systems such as 
hydraulics. 

Figure 3A also highlights another opportu- 
nity for shape memory ceramics in the area of 
energy damping. The amount of mechanical 
energy damped into heat is reflected by the hys- 
teresis area in the stress-strain curves of Fig. 3A. 
Because the ceramic is stiffer and accesses larger 
stresses, it has a greater opportunity to expand 
the hysteresis area and can thus reversibly damp 
considerable mechanical energy as compared to 
shape memory metals. For reversible loading, 
we calculate a damping merit index for beams 
in bending or compression, merit index = y- E!/?, 
where E is the Young’s modulus and n is the 
loss factor (24). For superelastic zirconia, we ob- 
tained merit index values of ~2 GPa’”. This val- 
ue is about double that reported in Cu-Al-Ni 
microscale shape memory alloys (7). 

Another property axis on which ceramics are 
generally differentiated from metals is temper- 
ature; ceramics are generally more refractory than 
metals, and as such, shape memory ceramics 
should be thought of as a class of potential high- 
temperature shape memory materials. Through 
tuning of the composition, zirconia ceramics can 
exhibit transformation temperatures ranging from 
0° to 1200°C (fig. S3). This is in contrast to shape 
memory metals, which have maximum transfor- 
mation temperatures of ~500°C; a graphical com- 
parison is made in Fig. 3C. 

A final interesting prospect for the use of 
shape memory ceramics is as a structural mate- 
rial subject to a one-time mechanical loading event, 
in which repeatable transformations are not re- 
quired. In such cases, the ceramic can be loaded 
all the way to failure, and unlike a conventional 
brittle ceramic, the superelastic ceramic can ex- 
hibit substantial apparent ductility (or malleability) 
before fracture, by virtue of the phase transforma- 
tion. Figure 3D illustrates this with two compres- 
sive stress-strain curves for zirconia. The classical 
response achieves elastic strains of 1 to 2% with 
some limited incipient plasticity just before brit- 
tle fracture, but the shape memory ceramic trans- 
forms, dissipating energy through a strain of about 
7% in this single example, with theoretical uni- 
axial transformation strains up to 10% possible, 
depending on crystallographic orientation. The re- 
sult is a ceramic that dissipates exceptionally large 
amounts of energy upon fracture, ~35 MJ/m*, ap- 
proaching the magnitude of the energy dissipated 
by structural metals. The combination of ceramic 
strength levels with apparent ductility offers in- 
teresting opportunities in mechanical design. 

Although much work remains to optimize 
these materials for any proposed application, the 
unusual properties of the shape memory ceramics 
reported here, as well as other ceramics that ex- 
hibit martensitic transformations (/0) and may 
thus exhibit similar properties, offer a strong mo- 
tivation to pursue their development. 
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Near-Complete Extinction of Native 
Small Mammal Fauna 25 Years 
After Forest Fragmentation 
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Tropical forests continue to be felled and fragmented around the world. A key question is how rapidly 
species disappear from forest fragments and how quickly humans must restore forest connectivity to 
minimize extinctions. We surveyed small mammals on forest islands in Chiew Larn Reservoir in 
Thailand 5 to 7 and 25 to 26 years after isolation and observed the near-total loss of native small 
mammals within 5 years from <10-hectare (ha) fragments and within 25 years from 10- to 56-ha 
fragments. Based on our results, we developed an island biogeographic model and estimated mean 
extinction half-life (50% of resident species disappearing) to be 13.9 years. These catastrophic 
extinctions were probably partly driven by an invasive rat species; such biotic invasions are becoming 
increasingly common in human-modified landscapes. Our results are thus particularly relevant to 
other fragmented forest landscapes and suggest that small fragments are potentially even more 
vulnerable to biodiversity loss than previously thought. 


apid deforestation poses a major threat 
R= one of the planet’s greatest bastions 

of biodiversity, tropical forests (/—4). 
Whether by chance or design, small fragments 
of forest typically persist in the aftermath of 
deforestation, effectively islands within a sea 
of agriculture, urbanization, or other modified 
lands that are unsuitable for most forest spe- 
cies (5, 6). Many of the species that originally 
occupied the forest will disappear from these 
isolated fragments, but this loss occurs over a 
relaxation period until a new, more depauper- 
ate equilibrium community is reached (7). The 
number of species that will ultimately disap- 
pear from a forest fragment—its “extinction 
debt” (8)—will vary based on the size of the frag- 
ment, its surrounding habitat, the vagility of its 
constituent and neighboring species, and its dis- 
tance from source populations (9). 
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Extinctions can be averted by reducing de- 
forestation rates and reforesting fragmented for- 
est landscapes (/0). However, it remains uncertain 
how quickly such actions must be taken and what 
minimum fragment size is required to maintain 
functioning biotic communities. For 1000-ha for- 
est fragments in Kenya, half of the total bird ex- 
tinctions are projected to occur within 50 years, 
giving conservationists some time to mitigate 
conditions in large fragments (//). However, for 
smaller fragments, relaxation times are generally 
much more rapid (/2, 13), and for <100-ha frag- 
ments, half of their original species can disappear 
within 15 years (/4). Most studies of extinctions from 
forest fragments have focused on birds (//—/4), and 
little is known about the sensitivity of other tax- 
onomic groups. 

We surveyed small mammals on forest islands 
in a reservoir five separate times after isolation to 


assess the rate of species loss from forest frag- 
ments. Reservoirs can form useful natural labora- 
tories to estimate extinction rates from isolated 
forest patches (15, 16). Chiew Larn Reservoir in 
southern Thailand was formed in 1986-1987 
when 165 km* of forest was flooded, creating 
over 100 islands in the process (Fig. 1) (77). 
We selected 16 islands in the reservoir ranging 
from 0.3 to 56.3 ha in area and surveyed small 
mammal communities 5 to 7 years (for 12 of the 
16 islands) and 25 to 26 years after isolation. 
Chiew Larn Reservoir is surrounded by two 
protected areas that form part of the largest 
(>3500 km?) contiguous forest area in southern 
Thailand. All surveyed islands were unoccu- 
pied by humans (/8). 

We found that native small mammal commu- 
nities disappeared rapidly after fragmentation. 
By 5 to 7 years after fragmentation, three large 
islands in our sample (10 to 56 ha) sustained 7 to 
12 species of small mammals (Table 1), which was 
similar to diversity found on the nearby mainland 
(table S3) (79). However, on nine small islands 
(<10 ha), species richness rapidly declined to 
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Fig. 1. Islands sampled in Chiew Larn Reservoir, Thailand. The reser- 
voir is surrounded by protected forest areas in Khao Sok National Park to the 
south and west (shaded dark green) and Khlong Saeng Wildlife Sanctuary to the 
north and east (shaded light green). The 12 islands sampled during all surveys 


Table 1. Number of small mammal species 
found on islands 5 to 7 years and 25 to 26 years 
after isolation. The maximum number of species 
observed on each island is reported. Islands X1 
to X4 were only surveyed 25 to 26 years after 
isolation. 


anil Area Richness Richness 
(ha) (5 to 7 years) (25 to 26 years) 
6 56.3 12 5 
5 12.1 9 3 
9 10.4 7 1 
28 4.7 2 2 
7 19 3 2 
33 LF: i 1 
3 1.4 2 1 
41 alla 3 1 
39 1.0 3 1 
40 0.8 2 1 
2 0.4 2 1 
16 0.3 2 1 
X1 23.5 2 
X2 10.1 2 
X3 24.4 2 
x4 21.2 1 


Just one to three species during these initial sur- 
veys. After 25 to 26 years, native small mammals 
had virtually disappeared from all 16 islands 
(Fig. 2, figs. S1 and S2, Table 1, and table S1). 
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Fig. 2. Small mammal species richness per 
transect in large (10.1 to 56.3 ha, n = 7) 
and small (0.3 to 4.7 ha, n = 9) islands 5 to 
7 years and 25 to 26 years after isolation. 
Plotted are median values, interquartile ranges, and 
full ranges (outliers are plotted as open circles). The 
upper dashed line represents the number of small 
mammal species found in surrounding mainland 
forest (table $3). 


Species richness on islands was most strongly 
correlated with area, but there was an important 
contribution of time since isolation, as well as a 
weak negative interaction between area and time 
since isolation (table S2). We also surveyed small 


REPORTS [ 


are labeled by island number [in the sense of (29)], and the additional four 
islands surveyed in more recent surveys are labeled X1 to X4. The dam is located 
in the lower right corner of the figure. The location of the reservoir in southern 
Thailand is shown in the regional map inset. 


mammal communities in the mainland forest sur- 
rounding the reservoir and detected no similar 
decrease in diversity (table S3). 

To describe the process of biotic relaxation 
over time for our islands of different size, we de- 
rived an island biogeographic model. The model 
included both immigration and extinction, which 
are negatively and positively proportional to the 
number of species on the islands, respectively 
(18). The model estimates the number of species 
occupying forest fragments before isolation and 
calculates the rate of extinction. The best-fitting 
model was 


S, = 0.751 — (0.751 — 2.223a°**?)e° 077" (1) 


where 5S; is the number of species at time ¢, a is 
island area, and f¢ is time since isolation. This 
model fitted our data well (coefficient of determi- 
nation = 0.783, fig. S3) and predicted that, be- 
fore isolation, the largest island (56 ha) had 15.5 
species and the smallest island (0.3 ha) had 1.2 
species. For all islands, the mean time to extinct- 
ion of half of the resident species (t,2) was 13.9 + 
3.9 years. Full relaxation to just one species was 
projected to occur within 40 years, regardless of 
fragment size (Fig. 3A). To determine the sensi- 
tivity of these results to the choice of underly- 
ing model, we also constructed a variant of the 
extinction-immigration component and considered 
two other species-area relationship models (Kobayashi 
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and Gleason) in addition to the Arrhenius power- 
law model; results differed little from those de- 
rived above (/8). Our modeled extinction rates 
are similar to those observed by Ferraz et al. (4), 
who found that 100-ha forest fragments in the 
central Amazon lost half of their understory bird 
species in less than 15 years. However, our results 
diverge with the unexpected finding that species 
diversity declined faster on larger than on smaller 
islands (Fig. 3B), with the former having a shorter 
extinction half-life (Fig. 3C). This is a consequence 
of the catastrophic faunal collapse we documented 
across the entire archipelago of fragments, so that 
larger islands, which initially sustained the most 
species and the most forest specialists, exhibited the 
most rapid rate of species loss. 

With few exceptions, only the Malayan field 
rat Rattus tiomanicus remained on islands 25 
years after isolation (table S1). Commensal ro- 
dents such as R. tiomanicus are among the most 
common invasive species worldwide and often 
have a devastating effect on native fauna, par- 
ticularly birds (20-23). R. tiomanicus does not 
occur naturally in undisturbed tropical forests 
of Southeast Asia, but is common in secondary 
forests, agricultural areas, and villages (24) and 
probably spread from such habitats to islands 
and reservoir fringes after inundation. By the 
time we had resurveyed islands 25 to 26 years 
after isolation, few native small mammals re- 
mained (just 13 and 9 individuals, respectively, 
were detected on the 16 sampled islands, not 
including the invading R. tiomanicus; table S1). 
At that point, all islands were dominated by the 
invasive rodent and if not already in ecological 
meltdown (25), were well on their way to becom- 
ing Rattus monocultures. 

Small forest fragments can play important 
conservation roles in some contexts (26), includ- 
ing enhancing landscape connectivity and sus- 
taining locally endemic species in regions such 
as Madagascar and the Brazilian Atlantic Forest, 
where most native vegetation has vanished. In 
these highly fragmented regions, however, mam- 
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malian communities can disappear rapidly, as 
has been observed for medium- and large-sized 
mammals in the Brazilian Atlantic Forest (27). 
In fact, regional estimates of extinctions from de- 
forestation are probably worse than previously 
thought, because studies applying species-area 
curves have assumed that the persisting forest 
was contiguous (28). Additionally, exotic species 
such as R. tiomanicus are rapidly expanding into 
human-transformed and regenerating forest land- 
scapes that increasingly dominate many trop- 
ical regions (29) and appear capable of sharply 
accelerating extinction rates in some fragmented 
landscapes. Hence, our findings, in which frag- 
ments were invaded and evidently profoundly 
destabilized by an invasive species, have consid- 
erable relevance for nature conservation in frag- 
mented habitats globally. The apparent synergism 
between habitat fragmentation and species inva- 
sion underscores a dire need to maintain large 
intact forest blocks to sustain tropical biodiver- 
sity (4, 30). 
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Safeguards for Cell Cooperation in 
Mouse Embryogenesis Shown by 
Genome-Wide Cheater Screen 


Marion Dejosez,”2? Hiroki Ura,? Vicky L. Brandt,’ Thomas P. Zwaka 


1,2,3%* 


Ensuring cooperation among formerly autonomous cells has been a central challenge in 

the evolution of multicellular organisms. One solution is monoclonality, but this option 

still leaves room for exploitative behavior, as it does not eliminate genetic and epigenetic 
variability. We therefore hypothesized that embryonic development must be protected by robust 
regulatory mechanisms that prevent aberrant clones from superseding wild-type cells. Using 

a genome-wide screen in murine induced pluripotent stem cells, we identified a network 

of genes (centered on p53, topoisomerase 1, and olfactory receptors) whose down-regulation 
caused the cells to replace wild-type cells in vitro and in the mouse embryo—without perturbing 
normal development. These genes thus appear to fulfill an unexpected role in fostering cell 


cooperation. 


ulticellularity has evolved independent- 
M: a number of times. Under certain 

conditions, it offers selective advan- 
tages that outweigh the costs of constraining 
competition (/). It can afford protection against 
predation, increase metabolic efficiency through 
division of labor, promote more efficient resource 
consumption, and even create a defense against 


A 
shRNA Library 
150,000 targets 


Retroviral 
transduction 


Oct4-GFP+ (ies) 


iPSCs © a5 
Differentiation 
1 8d EB + 8d ML 
Differentiated a? 
cells 
F = 
Sorting 3 
y 
Oct4-GFP™ Oct4-GFP 
cells 
| Reprogramming 
iPSCs = 
Sorting | 8 
wn 
Oct4-GFP+ 
iPSCs = 


Fig. 1. Cell cheater screen. (A) Schematic of the screen used to identify can- 
didate genes involved in cell cooperation, i.e., those whose knockdown confers a 
competitive advantage on stem cells. ML, monolayer. SSEA-1 and Oct4 are mark- 
ers of pluripotency and self-renewal. (B) A cytoscape analysis of all candidate 
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noncooperative individuals (/—3). Cooperation, 
then, can be both a means and a motivation for 
the rise of multicellular organisms. 

Once multicellularity is achieved, however, 
a conflict can emerge between organismal and 
cellular fitness (4-6). For example, among the 
facultative multicellular organisms myxobacteria 
and Dictyostelium discoideum, cells with “de- 
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fector” or “cheater” mutations (which produce 
more than their fair share of spores) can destroy 
the entire community of cells unless it is able to 
re-equilibrate toward cooperation (7—9). In the 
obligatory multicellular organism Drosophila 
melanogaster, cells with two different genotypes 
within a developmental niche can vie for occu- 
pancy; in most cases, the wild-type cells remove 
mutant cells that would reduce fitness at the level 
of the whole organism (/0—/3). Although it is 
reasonable to assume that normal mammalian de- 
velopment relies on coordinated responses within 
the organism to curtail the autonomous behavior 
of mutant cells, this prediction has not been tested 
by systematic screening for cheater or competitor 
mutations. 

Cheater mutants have been identified in 
D. discoideum by genetic screening in which a 
mutagenized cell population was forced to pass 
through the three canonical stages of the amoeba 
life cycle: growth, development, and germination 
(7). We transposed this approach to an in vitro 
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genes identified at least twice and for which network information was available 
shows that many of the candidate genes are tightly linked to each other. 1, Mpp3; 
2, Ptafr; 3, Galk1; 4, Dbc1; 5, Csnk2a1; 6, Ltb4r1; 7, Bet1; 8, Cat; 9, Gcat; 10, 
Hspa5; 11, Casp8; 12, Top1; 13, Lmtk3; 14, Bmf, 15, Crabp1; 16, Dnajc2; 17, p53. 
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model of murine embryogenesis by introducing 
a library of small inhibitory (hairpin) RNAs into 
induced pluripotent stem cells [iPSCs, cell line 
PF159 (/4)] and reasoning, by analogy to the 
D. discoideum screen, that egoistical phenotypes 
would be more likely to emerge among muta- 
genized cells under the considerable selective 
pressure of repeated rounds of growth [embryonic 
stem cell (ESC) expansion], development [em- 
bryoid body (EB) differentiation], and reacqui- 
sition of pluripotency (iPSCs) (75-19) (Fig. 1A; 
figs. S1 to $3; and see Methods for more detail). 

Using this screen to select for cells that super- 
sede wild-type cells simultaneously in all three 
categories (growth, differentiation, and repro- 


gramming) in mixed populations of cells in a so- 
matic context, we identified 131 putative cheater 
clones, a subset of which showed marked en- 
richment (fig. S4 and table S1). Gene ontology 
(GO) analyses revealed that a significant pro- 
portion of the candidate genes represent a 
relatively narrow set of functional categories, 
including cell communication, calcium channel 
activity, and kinase activity (fig. S4C and table S2). 
Inspection of table S1 reveals a number of nota- 
ble genes, such as p53, Top! (topoisomerase 1), 
Ptafr (platelet-activating factor receptor), Olfr 1387 
(olfactory receptor 1387), Olfr305 (olfactory re- 
ceptor 205), Dbcl (deleted in bladder cancer 1), 
Casp8 (caspase 8), Mpp3 (membrane protein, 
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palmitoylated 3), Bmf (Bcl2-modifving factor), 
Calr (calreticulin), and I06Rik (E030030106Rik). 
A gene network analysis showed that the genes 
cluster closely together, and most link to p53 and 
Top! (Fig. 1B). 

To demonstrate that the isolated clones were 
authentic cheaters, we tested their performance 
in a developmental context in vivo using ESCs 
that expressed green fluorescent protein (GFP) 
tagged knockdown versions of the top cheater 
mutants (fig. S4A and fig. SSA) (shPtafr, shp53, 
shTop1, shOlfr1387, shOlfr305, shDbcl, shCasp8, 
shMpp3, shBmf, shCalr, and shI06Rik) and a 
nontarget control (NTC). We also created a mock 
cell line containing the empty vector. In each 
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Fig. 3. In vitro behavior of pluripotent and differentiating cheater 
mutants. (A) Proliferation assay: Coculture of undifferentiated GFP-labeled 
mutant and RFP-labeled mock cells over the course of 14 days with dif- 
ferent starting ratios of mutant:mock, as indicated (means + SD). (B) Im- 
munofluorescence images showing mutant and mock ESCs after 10 days of 
coculture as shown in (A) with an initial ratio of 1:4. (C) Differentiation 
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assay: Mutant and mock cells were mixed as in (A), and differentiation was 
induced by EB formation in the absence of Lif (means + SD). (D) Teratoma 
assay: Immunofluorescence analysis of sections from a teratoma grown 
from a 1:1 mixture injected into hindlegs of severe combined immuno- 
deficiency mice indicates that knockdown cells contributed substantially 
more to the tumor tissue. 
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experiment, we injected five tester (provisional 
cheater mutant) cells and five mock cells into 
individual embryonic day (E) 3.5 (E3.5) blasto- 
cysts, implanted the embryos into pseudopregnant 
mice, harvested somatic embryonic tissue and 
germ cells at E14.5, and determined the relative 
contributions of mutant versus mock cells (Fig. 2A). 
The effectiveness of cheating behavior in vivo 
can be grouped into four classes (Fig. 2B). p53 
or Zop1 knockdown cells (group 1) completely 
(100%) superseded control cells. It was remark- 
able that the E14.5 embryos and those that went 
to term were viable and appeared normal. A cer- 
tain percentage of p53 knockout embryos are 
known to develop defects in neural tube closure 
(20, 21), whereas Top! knockout embryos are 
not viable. (22). Because our cells regained some 
Top! function at E14.5, it is possible that the 
competitive phenotype arises from strong knock- 
down early on (so that later silencing of the ret- 
roviral construct is not relevant) or that only mild 
knockdown is sufficient for the phenotype (fig. 
S5B). The contribution of group 2 cheater clones 
(Prafr, Olfr1387, Olfr305, and Dbc1) to the em- 
bryo was less striking but still significant (60 to 
75%). Group 3 (Casp8, Mpp3, and Bmf) clones 
showed no evidence of competitive behavior 
(~50%), and group 4 (Calr and 106Rik) clones 
contributed little (20%) to either the embryo or 
germ cells. It thus appears likely that mechanisms 
ensuring cooperation during development are 
more varied and stringent in vivo than in vitro. 
To gain insight into the mechanistic basis for 
these outcomes, we recapitulated each step of the 
initial screen using the group | genes, beginning 
with proliferation. Thus, GFP-labeled p53 or Top] 


knockdown or control cells were mixed with red 
fluorescent protein (RFP)—labeled mock cells at 
three different ratios (1:4, 1:1, and 4:1) and al- 
lowed to proliferate for a given time, and their 
relative contributions were determined (Fig. 3, 
A and B). This approach not only enabled us to 
capture the “cheating” cells for subsequent pro- 
filing studies (see below), but also allowed us 
to determine concentration-dependent effects, 
because homogeneous populations of p53 and 
Top] mutants exhibited normal growth (fig. S6). 
This lack of a growth advantage indicates that 
rare escape mutants were not a major factor in 
our screening results. To our surprise, both p53 
and Jop/ mutants underperformed when grown 
in undifferentiated conditions (Fig. 3, A and B), 
which may suggest that the loss of p53 or Top! 
activity by stem cells is the signal triggering re- 
moval of such defective cells from culture, rem- 
iniscent of the “cell competition” described in 
D. melanogaster (10). 

Next, we tested the performance of p53 or 
Top1 knockdown cells under differentiation 
conditions, first in the context of EB develop- 
ment. Here, the outcome was in agreement 
with the results of the embryological studies 
presented earlier: The mutant cells expanded 
disproportionally when mixed with control cells 
(Fig. 3C). The magnitude of the effect was 
concentration-dependent, as in the proliferation 
assay, but in the opposite direction: here, the 
fewer the cheater cells, the greater their growth 
advantage. To corroborate our finding using a 
second differentiation system, we subjected a 
combination of mutant and control cells to tera- 
toma differentiation conditions. A histologic ex- 
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amination of the resultant tumors revealed that 
p53 and Top! knockdown cells contributed sub- 
stantially more than wild-type cells to all three 
germ layers (Fig. 3D and fig. S7). 

To elucidate the genetic framework that en- 
abled the knockdown cells to predominate, we 
performed microarray expression analysis (fig. 
S8A). In these experiments, we mixed knockdown 
and mock ESCs and collected mRNA on day 4 of 
coculture, while cells were in the growth phase. 
These conditions allowed direct comparisons with- 
in a single cell type (ESCs) rather than a mixture 
of different cell types, as seen under differentia- 
tion conditions. To extract information specific to 
cell cooperation as opposed to canonical p53 and 
Top! functions, we compared results obtained 
from our mixed (1:4) culture with those obtained 
after mixing mRNA (also 1:4) from p53 or Jop1 
knockdown cells and mock cells that were grown 
homotypically. These experiments showed that 
the cheating phenotype was firmly coupled to the 
gene network identified by our initial screen and 
further revealed that the gene signature consisted 
of a very similar set of genes or gene groups that 
included Myc, Cdk6, Brachyury (T), and Jun (Fig. 
4 and fig. S8B). These signatures are closely 
linked to apoptosis and differentiation and re- 
semble a signature previously linked to cell com- 
petition among hematopoietic stem cells (HSCs) 
(23) (fig. S9 and tables S3 and S4). Although the 
cells retained many defining characteristics of 
ESCs, including pluripotency and the ability to 
participate in three-germ-layer differentiation 
(as shown in our in vivo studies), it appears that 
the knockdown of p53 or Zop/ prompted cells to 
co-opt a different gene program that facilitated 
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Fig. 4. Volcano plot analyses of microarray results. Black dots represent genes that belong to the Gene Set “GRAESSMANN APOPTOSIS BY DOXORUBICIN 
D” (tables $3 and S4) which is one of the top gene sets that are significantly enriched when mock cells are cocultured with shTop1 (P < 1 x10~*) or shp53 (P = 
1.26 x 10-*) knockdown cells. 
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more effective colonization of the embryonic 
niches available during early development. 

The behavior of these cheater mutants points 
to the existence of genetic mechanisms that pro- 
tect the ability of embryonic cells to cooperate. 
It is worth mentioning that several of the genes 
that responded to p53 or Top/ knockdown in our 
studies (Myc, Jun, and Dbc!) have been asso- 
ciated with cell competition in D. melanogaster 
(/—13). It is particularly noteworthy that in the 
context of DNA damage, murine HSCs with lower 
levels of p53 outcompete cells with higher levels 
of the protein (23, 24). We found the opposite 
in ESCs, and only under differentiation condi- 
tions did cells with low levels of p53 (or Top1) 
outcompete wild-type cells. This could indicate 
a fundamental difference between ESCs and 
HSCs, or perhaps the influence of genotoxic 
stress in the earlier studies; it is also possible 
that in our experiments, survival of wild-type 
ESCs under undifferentiated conditions could 
have been promoted by p53-induced autophagy 
(25). Although one of the oldest known func- 
tions of p53, evident even in the sea anemone 
(26), is its role in the DNA damage-response 
pathway, our findings suggest that p53 serves a 
still more ancient function in enabling cells to 
respond to signals from other cells to coordinate 
their activities. Thus, the identification of olfac- 
tory receptors by our screen is not surprising, as 
the ability to cooperate with other cells must 
entail the ability to sense subtle changes in the 
microenvironment (indeed, chemotaxis proved 
to be an important component of the coopera- 
tive gene network in our analysis); this result is 
also in line with the so-called area-code hypoth- 
esis (27, 28). 

Biological competition has been defined ex- 
plicitly in terms of a contest between “winners” 
and “losers,” but the Drosophila studies estab- 
lished that cells communicate their growth or 
metabolic status, guiding each other’s prolifer- 
ation rate and determining survival (/0). Coop- 
eration need not be anthropomorphized to mean 
anything beyond coordinated activity; such func- 
tional interactions can be deemed selfish or al- 
truistic, positive or negative, only in reference 
to some specific goal. What is surprising in the 
present study is that mutant cells were not only 
able to supersede wild-type cells but did so with- 
out affecting normal development. 

More broadly, our studies place mechanisms 
of cell coordination during mammalian develop- 
ment in the larger matrix of evolutionary cooper- 
ation by identifying genes encoding several of 
the most ancient, yet still incompletely under- 
stood, proteins: p53, Top1, and olfactory recep- 
tors. Understanding how cells coordinate their 
functions might enable us to devise novel strate- 
gies for manipulating pluripotent stem cells in vitro 
(including reprogramming and transdifferentiation 
to alternative fates) and should illuminate other 
processes related to tissue homeostasis, including 
stem cell turnover (as in the skin and immune 
system) and oncogenesis. 
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Distinguishable Epidemics of 
Multidrug-Resistant Sa/monella 
Typhimurium D1T104 in Different Hosts 
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D. J. Brown,’ J. E. Coia,? M. R. Mulvey,> M. W. Gilmour,>* L. Petrovska,° E. de Pinna,’ M. Kuroda,® 
M. Akiba,’ H. Izumiya,*° T. R. Connor,’ M. A. Suchard,’? P. Lemey,’? D. J. Mellor,? 


D. T. Haydon,”? N. R. Thomson7+ 


The global epidemic of multidrug-resistant Salmonella Typhimurium DT104 provides an important 
example, both in terms of the agent and its resistance, of a widely disseminated zoonotic pathogen. 
Here, with an unprecedented national collection of isolates collected contemporaneously from humans 
and animals and including a sample of internationally derived isolates, we have used whole-genome 
sequencing to dissect the phylogenetic associations of the bacterium and its antimicrobial resistance 
genes through the course of an epidemic. Contrary to current tenets supporting a single homogeneous 
epidemic, we demonstrate that the bacterium and its resistance genes were largely maintained 
within animal and human populations separately and that there was limited transmission, in either 
direction. We also show considerable variation in the resistance profiles, in contrast to the largely 
stable bacterial core genome, which emphasizes the critical importance of integrated genotypic data 
sets in understanding the ecology of bacterial zoonoses and antimicrobial resistance. 


lalmonella enterica subspecies enterica is 

one of the most common bacterial path- 

ogens of humans and other animals (/, 2). 
The global burden of disease caused by Salmo- 
nella infections is substantial, with more than 
90 million human cases of gastroenteritis alone 
occurring each year (3). The annual cost of these 
infections is estimated to be about €3 billion in 
the European Union (4) and about $2.7 billion 
in the United States (5). The public health im- 
pact is exacerbated by antimicrobial resistance 
(AMR), which leads to increased morbidity, mor- 
tality, and treatment costs (6, 7). In our study, the 
interrelated epidemiologies of Salmonella and 


AMR were examined at the level of the genome. 
Our results challenge the established view that 
the human and animal epidemics are synonymous 
(8-11) and show that the phylogenetic associa- 
tions both within and between the resistance de- 
terminants and the host bacteria are different. 
Throughout the 1990s, there was a global 
epidemic of multidrug-resistant S. Typhimurium 
definitive type 104 (DT104) in animals and hu- 
mans (12, 13). The DT104 epidemic was im- 
portant because of its widespread prevalence and 
perceived zoonotic nature, as well as the high fre- 
quency of resistance to a wide range of common- 
ly used antimicrobials, particularly ampicillin, 
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chloramphenicol, streptomycin, sulfonamides, and 
tetracycline. The primary source of human DT 104 
infections is thought to be the animal population, 
particularly local animals, through both direct con- 
tact and food-bome transmission (9, /0, 74). Using 
whole-genome sequencing, we have studied the 
course of the epidemic in Scotland, a restricted 
geographical location that has a well-characterized 
collection of DT104 bacteria isolated from both 
humans and other animals over a 22-year period. 
By interrogating isolates collected from sympatric 
and contemporaneous hosts and using isolates from 
geographically diverse hosts from other countries 
to put them in phylogenetic context, we have an 
unprecedented opportunity to profile the evolu- 
tion and spread of a local epidemic of this global- 
ly important zoonotic pathogen. 

To investigate the evolutionary changes that 
characterize the long-term epidemic and to assess 
the roles of animals and humans in the spread 
of both the bacterium and AMR, we sequenced 
142 isolates from humans and 120 isolates from 
other animals in Scotland sampled from 1990 to 
2011. To set the Scottish isolates within a broader 
international context, 111 isolates were included 
from other locations around the world (table S1). 
Sequence reads were mapped against our refer- 
ence chromosome of DT104 and its virulence 
plasmid, and genomes were assembled de novo to 
identify unique regions (75). Maximum likelihood 
methods were used to produce a phylogenetic 
tree based on single-nucleotide polymorphisms 
(SNPs) in the core genome (/5). In this tree, we 
identified a main clade of related DT104 iso- 
lates (29 to 123 SNPs compared with the reference 
core genome) and a separate subset of 14 atypical 
isolates (620 to 709 SNPs compared with the ref- 
erence core genome) (fig. S1). Within the main 
clade, there were 2765 variable sites across the 
359 isolates, with pairwise differences between 
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isolates ranging from 0 to 167 SNPs (Fig. 1). Most 
SNPs were sporadically distributed in the core 
genome throughout the phylogenetic tree, with 
relatively few genes showing nonsynonymous 
SNPs in >5 isolates (fig. S2). These data indicate 
that the rate of change within the core genome 
over the 22-year epidemic period, 3.4 x 10’ sub- 
stitutions per site per year [95% highest posterior 
density (HPD) interval: 3.1 x 10 7 to 3.7 x 10°7], 
is in line with that seen in other S. Typhimurium 
(/6). Although confirmed phenotypically as DT 104 
by standard phage typing, the 14 atypical isolates 
are more similar genetically to the non-DT104 
S. Typhimurium reference strain LT2, which dem- 
onstrates the lack of resolution of traditional typing 
techniques. Isolates from all geographical loca- 
tions can be found near the root of the tree, con- 
sistent with the rapid global spread of DT104 
(12). However, many of these isolates, partic- 
ularly those from England and Wales, can also be 
found interspersed with Scottish isolates through- 
out the rest of the tree. The most deeply rooted 
are primarily derived from humans and do not 
have Salmonella genomic island 1 (SGI1), a 43-kb 
genomic island with a 13-kb multidrug-resistance 
region (/7) that is characteristic of the epidemic 
strain. 

To evaluate interspecies transmission and how 
DT104 circulated in Scotland, Bayesian phylo- 
genetic diffusion models (/8, 79) were used to 
reconstruct the host population of each branch 
of the phylogenetic tree (Fig. 2A), using the 135 
human and 113 animal Scottish DT104 isolates. 
The most recent common ancestor of DT104 in 
Scotland is predicted to date to 1968 (95% HPD 
interval: 1962 to 1976), consistent with reports 
of antimicrobial-susceptible DT 104 strains iso- 


Host: J Animal Human 


REPORTS 


lated from human cases of infection since the 
1960s in England and Wales (/3), with the first 
report of multidrug-resistant DT 104 in Scotland 
in the mid 1980s (73). What can be observed in 
Figs. 1 and 2A is that, although there are isolates 
from a single host population that cluster to- 
gether, isolates from animals and humans are 
also interspersed throughout the tree. However, 
quantification of the association between phy- 
logeny and host population shows that the clus- 
tering is not fully randomized (/5). Furthermore, 
similar to the maximum likelihood tree (Fig. 1), 
the most deeply rooted branches are estimated 
to be human (Fig. 2A), but it is difficult to infer 
with certainty the direction of transmission from 
these observations alone. Overall, the recon- 
structed host populations of the branches with- 
in the tree suggest that there were relatively few 
animal-to-human or human-to-animal transitions 
(Fig. 2B). Using Markov jumps to estimate the 
number of unobserved human-to-animal and 
animal-to-human transitions along each branch 
(15), we show the overall numbers of animal-to- 
human and human-to-animal transitions were sim- 
ilar, which indicates that the majority of human 
infections in Scotland were unlikely to have been 
sourced from the local animal population. Markov 
rewards, from which inferences may be made 
with respect to which populations might act as 
sources and which might act as sinks, showed 
that, although the human isolates represented 
just 54% of the sample, 62% (666 years, 95% 
HPD: 545 to 771) of the total phylogenetic tree 
length was in the human state (/5). Conversely, 
38% (400 years, 95% HPD: 318 to 521) of the 
total tree length was spent in the animal state. 
Our conclusions are consistent when we perform 
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Fig. 1. Phylogeny of Scottish and global S. Typhimurium DT104, rooted on S. Typhimurium 
$L1344. Colored rings indicate, from the center out, the host and country of origin, and the unique 
genotypic AMR profile of each isolate (table $6); the asterisk indicates the location of the reference 
isolate HF937208. The same tree with bootstrap values added is shown in fig. $5. 
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Fig. 2. Bayesian maximum clade credibility phylogenetic tree and most probable ancestral state 
reconstruction of host population for S. Typhimurium DT104 in Scotland. (A) Branches with a re- 
constructed state (host population) posterior probability of >0.75 are colored red for human, blue for animal; 
branches with a state probability of <0.75 are colored gray. The same tree is shown in fig. 56 with branch width 
scaled by the posterior probabilities. (B) Posterior density plot of the numbers of human branches ancestral 
to human branches, human branches ancestral to animal branches, animal branches ancestral to human 
branches, and animal branches ancestral to animal branches integrated over the subsample of 3600 
phylogenetic trees with reconstructed host population states along branches obtained by using BEAST. These 
results suggest (i) circulation of DT104 predominantly within animals and humans separately, with only a 
low frequency of spillover in both directions, and/or (ii) animals and humans were each sinks for different 
and separate sources of infection, with only a low frequency of spillover in both directions. 
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Fig. 3. Venn diagrams demonstrating the degree of overlap in AMR between the human and 
animal populations of 5. Typhimurium DT104. (A) The numbers of shared and unique AMR de- 
terminants (acquired resistance genes or SNPs known to confer resistance) in the 147 Scottish human 
and animal DT104 isolates investigated for AMR diversity; (B) the numbers of shared and unique AMR 
profiles (unique combinations of AMR determinants) in the 147 isolates; (C) the numbers of shared and 
unique AMR phenotypic profiles (unique combinations of AMR phenotypes) in the original 5200 
surveillance isolates of DT104, 1990-2004, Scotland (21). (D) Rarefaction curves, with 95% confidence 
intervals (vertical lines), of the number of genotypic AMR profiles in the 147 isolates investigated for 
AMR diversity, demonstrating similar sampling intensity. 
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these analyses on animal isolates by species and 
with only cattle isolates, the main animal reser- 
voir (15, 20). These results support two novel 
hypotheses: (i) DT104 was predominantly circu- 
lating separately within each population in Scot- 
land, with a low frequency of spillover in both 
directions, and/or (ii) that animals and humans 
were each sinks for a different and separate source 
of infection, also with a low level of spillover. 
Scotland is a net importer of food (2/); for ex- 
ample, by value, 58% of all red meat and 38% of 
raw beef are of non-Scottish origin (22). How- 
ever, given a lack of surveillance data on food, 
attribution to this potential source cannot be quan- 
tified. Given the likely importance of imported 
food to the disease burden in humans, the greater 
global mobility of the human population, and the 
recognition of this as a risk factor for bacterial 
infections (23, 24), we suggest that, although these 
two hypotheses are not mutually exclusive, the 
second scenario is the more likely. 

Our results show that the ecological diversity 
of AMR, at the level of the genome, is greater in 
the isolates from the human population than in 
those from animals and is not tightly coupled to 
the bacterial evolutionary history. Examining 
the distribution of the phenotypic AMR profiles 
throughout the molecular phylogenetic tree (fig. S3) 
(/5) allowed us to investigate the degree to which 
the evolutionary history of the organism is linked 
to that of the resistance determinants it carries, 
regardless of whether they are genes or SNPs 
known to confer resistance. We show that isolates 
demonstrating the same phenotypic resistance 
profile, even those putatively conferred by SGI] 
(/7) (fig. S3A), do not cluster together exclusively. 

The diversity of AMR was assessed further 
by interrogating the presence or absence of re- 
sistance determinants and profiles in the 147 
Scottish isolates selected to cover the range of 
phenotypic resistance profiles observed in the 
epidemic period (Fig. 3) (/5). A greater number 
of both resistance determinants and genotypic- 
resistance profiles are found in the human iso- 
lates. As demonstrated by rarefaction analysis 
(Fig. 3D), these results cannot be accounted for 
by differential sampling intensity. Multiple, inde- 
pendent recombination events in the multidrug- 
resistance region occurred, as variants of SGI1 
(25) are found throughout the tree (fig. S4). Sim- 
ilarly, although there are some clades with a 
single AMR gene profile, in many instances, pro- 
files can be found in multiple clades and may 
be due to the gain or loss by horizontal gene 
transfer of accessory AMR determinants and 
their plasmid vectors (tables S2 to S5). Although 
the propensity for horizontal transmission is 
well recognized (26), these results provide both 
a unique insight into the genetic flux occurring 
across a defined 22-year epidemic and a baseline 
for the concomitant genetic flux in the DT104 
core genome. In contrast to the relatively stable 
core genome with an expected substitution rate, 
the AMR features of these isolates varied appre- 
ciably throughout the time period. 
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Most transmission of DT 104 has hitherto been 
considered to be from animals to humans (27-29), 
but this view has been based primarily on out- 
break investigations. However, on the basis of 
whole-genome sequence analysis, we provide 
a historical perspective on the epidemic that 
leads to a different inference. This is the largest 
study of its kind, utilizing tools with the finest 
resolution available to investigate the associa- 
tions of Salmonella Typhimurium DT104 and 
AMR between and within colocated human and 
animal populations, and has enabled us to ad- 
dress two separate issues with this data set, those 
of the origins and dissemination of AMR and 
also of Salmonella. First, the greater diversity of 
AMR genes and profiles in the human DT104 
isolates suggests that there were other sources 
contributing to the diversity of the human resist- 
ance burden than the local animals; it is note- 
worthy that this analysis of molecular data leads 
to identical conclusions to those based on pheno- 
type (//). Second, we show that a large propor- 
tion of transmission of the bacterium appears 
to have occurred within each host population, 
and/or that there were separate sources of DT 104 
for the humans and local animals, with a small 
degree of spillover in both directions. If the ma- 
jority of human infections were obtained from 
locally produced food or direct contact with ani- 
mals, the human isolates should be a subset of 
the animal isolates, but we do not observe this. 

With humans having a more diverse source 
of infections than the local animal population, 
it is probable that imported food, foreign travel, 
and environmental reservoirs are significant 
sources of Salmonella and AMR in humans in 
our study (23, 30), but surveillance data simply 
do not exist in any coherent form locally, nor 
consistently across the international communi- 
ty, to quantify the importance of these different 
sources. If we are to address this deficit, there is 
an urgent need to construct relevant, robust, and 
harmonized surveillance protocols to capture this 
information. Similarly, although the Scottish iso- 
lates are similar to those from other countries, 
this investigation needs to be conducted in other 
organisms and environments to determine the 
generality of our conclusions across different 
agricultural, political, and sociological conditions. 
This study challenges current views on the con- 
tribution of the local animal reservoir as a source 
of Salmonella and AMR in humans. It demon- 
strates the critical importance of acquiring tar- 
geted genotypic data sets integrated across the 
veterinary and public health sectors in order to 
understand the ecology of bacterial zoonoses, 
identify the sources of AMR, and formulate re- 
sponsible evidence-based control strategies. 
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The Inhibitory Circuit Architecture 
of the Lateral Hypothalamus 
Orchestrates Feeding 


Joshua H. Jennings,”’? Giorgio Rizzi,”? Alice M. Stamatakis,»? 
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The growing prevalence of overeating disorders is a key contributor to the worldwide obesity epidemic. 
Dysfunction of particular neural circuits may trigger deviations from adaptive feeding behaviors. The 
lateral hypothalamus (LH) is a crucial neural substrate for motivated behavior, including feeding, but 
the precise functional neurocircuitry that controls LH neuronal activity to engage feeding has not been 
defined. We observed that inhibitory synaptic inputs from the extended amygdala preferentially 
innervate and suppress the activity of LH glutamatergic neurons to control food intake. These findings 
help explain how dysregulated activity at a number of unique nodes can result in a cascading 

failure within a defined brain network to produce maladaptive feeding. 


ore than half a century ago, experiments 

in rodents and other species revealed 

that gross neuroanatomical manipula- 
tions of the lateral hypothalamus (LH) alter di- 
verse behaviors, including feeding (/—3). Although 
direct anatomical and neuropharmacological ma- 
nipulations (4, 5) within the LH produce profound 
alterations in a variety of motivated behaviors, 
they provide limited mechanistic insight into 
the discrete circuit connections within the LH 
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that regulate precise behaviors such as feeding. 
Given the circuit complexity within the LH (6), 
we aimed to dissect the neurocircuitry between 
the LH and a principal afferent from the extended 
amygdala. 

The bed nucleus of the stria terminalis (BNST), 
a neural component of the extended amygdala 
(7), is a key integrator of diverse motivational 
states through its interactions with various syn- 
aptic targets, including the ventral tegmental area 
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(VTA) (8) and the LH (9). The BNST is com- 
posed primarily of y-aminobutyric acid—releasing 
(GABAergic) cells (0), and consumption of 
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food activates BNST neurons (//). Therefore, we 
considered the BNST and its inhibitory projec- 
tions to the LH as an important candidate for reg- 
ulating feeding. We targeted a Cre-inducible viral 
construct coding for Channelrhodopsin-2 fused to 
enhanced yellow fluorescent protein (ChR2-eYFP) 
into the BNST of Vgat-ires-Cre mice and posi- 
tioned optical fibers above the LH for in vivo 
photostimulation of Vgat®S™~"™ projection 
fibers (Fig. 1, A to E, and fig. S1). Optogenetic 
activation of this inhibitory pathway rapidly 
produced voracious feeding behavior in well- 
fed mice (Fig. 1, F to I, fig. S2, and movie S1). 
We explored the motivational valence of this 
pathway by testing mice in real-time place pref- 
erence and self-stimulation assays (see supple- 


mentary materials). Vgat?NS™~'"!:;ChR2 mice 
exhibited a significant place preference for a 
photostimulation-paired chamber (Fig. 1J and 
fig. S2) and actively nose-poked for photo- 
activation of the circuit. Food deprivation signif- 
icantly augmented, whereas satiety significantly 
attenuated, Vgat®NS'~""::ChR2 self-stimulation 
(Fig. 1K and fig. S2). The evoked feeding re- 
sponse was specific to the Vgat®S'~™ path- 
way. Photoactivation of Vgat?S!~*™ projections 
did not elicit feeding behavior (figs. S3 and S4). 

Because high-caloric diets can facilitate over- 
eating (12), we determined whether consump- 
tion induced by Vgat®“S™~" circuit activation 
was directed toward palatable energy-dense 
foods (see supplementary materials). Well-fed 
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Fig. 1. Vgat Circuit activation induces feeding in well-fed mice. (A) 

tN" circuit targeting. (B) 10x (top) and 20x (bottom) images of the 
Vgat®NS'"#::ChR2-eYFP circuit. Scale bars, 1 mm (top), 500 jm (bottom). 
(C) Localized ChR2-eYFP expression in the BNST (top) and quantified eYFP 
fluorescence intensity (bottom) is significantly greater in the BNST compared 
with surrounding regions (F; 29 = 11.22, P < 0.001, n = 5 sections from n = 
5 mice). ac, anterior commissure; IdBNST, lateral-dorsal BNST; vBNST, ventral 
BNST; LS, lateral septum; LPO, lateral preoptic area; VP, ventral pallidum; 
DS, dorsal striatum. Scale bar, 200 um. (D and E) ChR2-eYFP expression in 
the BNST (D) and axonal projections in the LH (E) in Vgat-ires-Cre mice. 
LH, lateral hypothalamus; Fx, fornix; EP, entopeduncular nucleus; DMH, 
dorsomedial hypothalamus; 3V, third ventricle; D, dorsal; V, ventral; L, 
lateral; M, medial; green, ChR2-eYFP; red, Nissl stain. Scale bars, 200 um 
(top), 20 um (bottom). (F) Spatial location heat maps in 20 min epochs 
before, during, and after 20-Hz photostimulation-induced feeding. (G and H) 
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Photostimulation of Vgat®™®"~'" projections significantly increased grain- 


based (standard) food intake (F224, = 201.6, P < 0.001) (G) and food zone 
time (F224 = 18.61, P < 0.001, n = 5 mice per group) (H). (I) Higher photo- 
stimulation frequencies significantly decreased evoked feeding latencies 
(F3,56 = 48.89, P < 0.001, n = 9 mice). (J) Vgat®™S"~'"::ChR2 mice spent 
significantly more time in the photostimulation-paired side compared with con- 
trols (P < 0.001, n = 5 mice per group). (K) Food-deprived Vgat?™*""""::chR2 
mice nose-poked significantly more for 10- and 20-Hz photostimulation 
when compared with 2 days of standard-fed ad libitum and to 2 days of 
standard-fed ad libitum supplemented with 2 hours of high-fat food ex- 
posure before the self-stimulation session (F220, = 40.87, P < 0.001, n = 
9 mice). All values for all figures represent mean + SEM. *P < 0.05, **P < 
0.001 (Student's t test or analysis of variance followed by Bonferroni post hoc 
comparisons, where applicable). Dagger symbol denotes significance com- 
pared to all manipulations. 
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Veat?’S'~“".;ChR2 mice showed a strong pref- 


erence for high-fat food during photostimulation 
exposure (table $1 and movie S1), suggesting 
that activation of the Vgar®NS™~" circuit is suf- 
ficient for eliciting feeding that is preferential for 
calorie-dense substances even when energy re- 
quirements are satisfied. 

To examine whether endogenous activity of 
the Vgar®S'~>"™ pathway is important for feed- 
ing, we transduced BNST-GABAergic neurons 
(Fig. 2A) and their axons that innervate the LH 
(Fig. 2B and fig. S5) with the inhibitory opsin, 
archaerhodopsin (eArch3.0-e YFP) (/3, /4). Sup- 
pression of presynaptic BNST-GABAergic sig- 
naling through eArch3.0 activation resulted in 
enhanced LH-postsynaptic neuronal activity dur- 
ing anesthetized extracellular recordings (Fig. 2, 
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C to E). Despite the influence of hunger, photo- 
inhibition of the Vgat®S™" circuit reduced feed- 
ing in food-deprived mice (Fig. 2, F to J, and fig. 
S6). Furthermore, photoinhibition of Vgat?NST~™" 
projections led to a significant avoidance of a 
photoinhibition-paired chamber (Fig. 2K and 
fig. S6). 

The hypothalamus contains numerous ge- 
netically distinct neuronal populations (/5—2/). 
We thus characterized the molecular phenotype 
of the postsynaptic LH neuronal targets that re- 
ceive functional Vgat®“S™~>™ innervation. We 
paired photostimulation of Vgat®“S'~™" inputs 
with whole-cell recordings in conjunction with 
multiplexed gene expression profiling of indi- 
vidual LH neurons in brain slices (Fig. 3A and 
supplementary materials). We focused on a set 
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of genes known to be heterogeneously expressed 
in the LH and whose products have been im- 
plicated in feeding (22). BNST-GABAergic in- 
puts formed strong functional connections with 
postsynaptic LH neurons that expressed signifi- 
cantly higher levels of Vg/ut2. In contrast, weakly 
innervated LH neurons displayed significantly 
lower levels of Vg/ut2 and higher levels of Vgat 
expression (Fig. 3, B and C, fig. S7, and table S2). 

We confirmed these findings by using mod- 
ified rabies virus tracing techniques to identify 
the monosynaptic inputs to glutamatergic and 
GABAergic neurons in the LH (Fig. 3D). In 
Vglut2-ires-Cre and Vgat-ires-Cre mice, we tar- 
geted Cre-inducible avian sarcoma leucosis virus 
glycoprotein EnvA receptor (TVA) (AAV5-FLEX- 
TVA-mCherry) and rabies virus envelope glyco- 
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Fig. 2. Vgat®*** circuit inhibition diminishes feeding in food-deprived 
mice and is aversive. (A and B) eArch3.0-eYFP expression in the BNST (A) and 
axonal projections in the LH (B) in Vgat-ires-Cre mice. Scale bars, 200 im (top), 
20 um (bottom). (C) Schematic for anesthetized in vivo extracellular recordings 
in the LH. (D) Example trace from a single LH unit (top) and its representative 
peri-event histogram and raster (bottom). (E) The average firing rate of light- 
responsive LH units significantly increased during the 5-s photoinhibition trials 
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(Foi2 = 19.52, P < 0.001, n = 5 units from n = 3 mice). (F) Spatial location 
heat maps in 10-min epochs before, during, and after photoinhibition. (G and 
H) Photoinhibition of Vgat®™S™-"" projections significantly decreased standard 
food intake (F,,44 = 16.30, P < 0.001) and time spent in the food zone (I and J) 
(Faq = 2.43, P = 0.028, n = 6 mice per group). (K) Vgat*™>'"::eArch3.0 mice 
spent significantly less time in the photoinhibition-paired side when compared 
with controls (P = 0.004, n = 6 mice per group). 
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Fig. 3. Vgat®™S™-"4 projec- 
tions preferentially target 
LH glutamatergic neurons. 
(A) Schematic for ChR2-assisted 
circuit mapping with single-cell 
gene expression profiling. (B) 
Color-coded fold expression 
of all target genes from all 
recorded LH neurons. Vglut2, 
vesicular glutamate transporter- 
2; Vgat, vesicular GABA trans- 
porter; DYN, dynorphin; MCH, 


melanin-concentrating hor- B 

mone; NTS, neurotensin; OX, 28 

orexin/hypocretin; TH, tyrosine Bg 
oO 


hydroxylase. (C) The average 
fold expression for Vglut2 was 
significantly higher in post- 
synaptic LH neurons that dis- 
play large optically evoked 
inhibitory postsynaptic cur- 
rent amplitudes (strongly inner- 
vated) compared with weakly 
innervated LH neurons (U = 
169.0, P= 0.016, n = 6 mice, 
n= 48 cells). (D) Schematic for 
modified rabies virus tracing. 
(E and F) Images from a Vglut2- 
ires-cre mouse showing FLEX- 
TVA-mCherry expression in LH 
glutamatergic neurons (E) and 
appreciable SADAG-GFP la- 
beling of BNST neurons (F). 
(G and H) FLEX-TVA-mCherry 
expression in LH GABAergic neu- 
rons (G) and minimal SADAG- 
GFP labeling of BNST neurons 
(H). Green, SADAG-GFP; red, 
FLEX-TVA-mCherry; blue, Nissl 
stain. Scale bars, 200 um. (I) 
Significantly more BNST neu- 
rons innervate LH glutama- 
tergic neurons compared with 
LH GABAergic neurons (F129 = 
38.50, P < 0.001, n = 3 mice 
per group). 
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protein (RG) (AAV8-FLEX-RG) proteins that allow 
for rabies virus infection and subsequent trans- 
synaptic viral propagation, respectively (23, 24), 
to LH-glutamatergic or -GABAergic neurons. 
Two weeks after adeno-associated virus (AAV) 
transduction, the modified rabies virus, SADAG- 
GFP(EnvA), was injected into the LH, and BNST- 
containing slices were obtained 7 days later for 
confocal imaging. Vglut2'"'::Rabies tracing 
revealed dense populations of transsynaptically 
labeled BNST neurons (Fig. 3, E and F), whereas 
Vgat“""Rabies tracing resulted in minimal BNST 
labeling (Fig. 3, G to I, and fig. S8). 
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Because BNST-GABAergic projection neu- 
rons promote feeding and selectively target LH 
glutamatergic neurons, we considered Vg/ut2'"' 
neurons as a critical downstream circuit node for 
regulating food intake. Photoactivation of Velut2'" 
neurons (Fig. 4A and fig. S9) suppressed feeding 
in food-deprived mice (Fig. 4, B to F, and fig. S10), 
whereas photoinhibition of Vg/ut2'" neurons in- 
duced feeding in well-fed mice (figs. S11 to S13). 
Photostimulation of Vglut2'" neurons produced 
aversion (Fig. 4G and fig. S10), and Vglut2'" in- 
hibition produced a preference for palatable foods 
(table S1). 


SCIENCE www.scie 


ae) 


——> | |____> L*””. 


Reverse transcription qPCR and 


mRNA to C, values 
cDNA 
<p &» 
—_> eo —__> 4 


v ¥ 


Vgat®’S'—"4 functional connectivity strength 
MM) Strong (-330 to -3000 pA) 
M) Weak to none (0 to -330 pA) 


x 
LH target genes 


Vglut2‘" neurons 


Presynaptic BNST neurons 
D ig i” 


xt iVglut2“"::Rabies 
WVgat'"::Rabies 


IdBNST vBNST 


Until now, the precise neurocircuit elements 
responsible for the feeding and reinforcement 
phenomena observed five decades ago by elec- 
trical stimulation of the LH (/, 2, 25) have re- 
mained a mystery. Inhibitory inputs from the 
BNST specifically innervate and suppress LH 
glutamatergic neurons to promote feeding. Fur- 
ther unraveling of the specific patterns of gene 
expression and projection targets of LH gluta- 
matergic neurons could identify novel points 
for therapeutic intervention within these cir- 
cuits for the treatment of eating disorders and 
obesity. 


ncemag.org 


Fig. 4. Photoactivation of Vglut2'" neurons suppresses 
feeding in food-deprived mice and is aversive. (A) ChR2- 
eYFP expression in the LH of a Vglut2-ires-Cre mouse. Scale bars, 
200 um (top), 20 tum (bottom). (B) Spatial location heat maps in 
10-min epochs before, during, and after 5-Hz photostimulation. 
(C and D) Photostimulation of Vglut2"" neurons significantly 
decreased food intake (F,,3, = 13.31, P < 0.001) and food 
zone time (E and F) (Fy,36 = 13.12, P < 0.001, n = 5 mice per 
group). (G) Vglut2"::chR2 mice spent significantly less time in 
the photostimulation-paired side when compared with con- 


trols (P < 0.001, n = 5 mice per group). 
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Cocaine Disinhibits Dopamine Neurons 
by Potentiation of GABA Transmission 
in the Ventral Tegmental Area 


Christina Bocklisch,** Vincent Pascoli,” Jovi C. Y. Wong,*t David R. C. House,” Cédric Yvon,” 
Mathias de Roo,’ Kelly R. Tan,” Christian Liischer?’74 


Drug-evoked synaptic plasticity in the mesolimbic system reshapes circuit function and drives drug-adaptive 
behavior. Much research has focused on excitatory transmission in the ventral tegmental area (VTA) 
and the nucleus accumbens (NAc). How drug-evoked synaptic plasticity of inhibitory transmission affects 
circuit adaptations remains unknown. We found that medium spiny neurons expressing dopamine (DA) 
receptor type 1 (D1R-MSNs) of the NAc project to the VTA, strongly preferring the GABA neurons of 
the VTA. Repeated in vivo exposure to cocaine evoked synaptic potentiation at this synapse, occluding 
homosynaptic inhibitory long-term potentiation. The activity of the VTA GABA neurons was thus reduced and 
DA neurons were disinhibited. Cocaine-evoked potentiation of GABA release from D1R-MSNs affected 
drug-adaptive behavior, which identifies these neurons as a promising target for novel addiction treatments. 


isinhibition, the removal of an inhibitory 
brake on neuronal firing, may affect cir- 
cuit function in several parts of the brain 


(/—3). Disinhibition of ventral tegmental area 
(VTA) DA neurons has been implicated in drug 
reinforcement when, in the acute phase, the addictive 
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drug shuts down VTA y-aminobutyric acid (GABA) 
neurons (4-6). To understand how this monosyn- 
aptic building block integrates into the larger cir- 
cuitry, we characterized the functional anatomy 
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Fig. 1. VTA-projecting A 
MSNs express D1Rs and 
disinhibit VTA DA neu- 
rons in vivo by prefer- 
entially targeting VTA 
GABA neurons. (A) Ex- 
perimental setup: Injection 
of retrograde tracer CTB- 
y3 into the VTA of D1R- or 
D2R-EGFP mice. (B) Con- 
focal images of NAc slices 
from D1R-EGFP* or D2R- 
EGFP* mice (green) injected 
intra-VTA with CTB-Cy3 
(red). Scale bar, 50 um. 
(© EGFP* (green) neurons 
and CTB-Cy3—labeled cells 
(red) as a proportion of 
total cell number (blue) in 
each mouse line. Over- 
lapping segments rep- 
resent colocalization. (D) 
In vitro slices. ChR2-Venus 
was expressed in the NAc 
of GAD65Cre-tdTo or Pitx3- 
GFP mice and VTA-projecting 
MSN terminals were stim- 


ulated with blue light. (E) 
Images of VTA slices from GAD65Cre mice 


showing a tdTomato-positive neuron (top) 
and negative neuron (bottom) filled with a 
blue dye (AF 350). Scale bar, 20 um. Right: 
Whole-cell recordings of the same cells. 
Scale bars, 50 ms, 100 pA. (F) Mean IPSCs 
versus connectivity of GAD65-tdTo" and J 
GAD65-tdTo neurons. (G) IPSCs from Pitx3- 
GFP” and Pitx3-GFP* neurons. Scale bars, 
50 ms, 200 pA. (H) Mean IPSCs versus con- 
nectivity of Pitx3-GFP* and Pitx3-GFP” cells. 
(I) Experimental setup: MSN terminals ex- 
pressing ChR2-Venus were stimulated in vivo 
by illuminating the VTA. (J) Tyrosine hydrox- 
ylase (TH, white) staining of VTA neurons 
labeled in vivo juxtacellularly with neuro- 
biotin (red, right panels). Scale bar, 50 um. 
(K and L) Top: Representative trials, peristimulus 
time histograms, and raster plots of single 
unit recordings from the same GABA (K) and 
DA neuron (L) shown in (J). Blue bar denotes 


E GAD65-tdTot 


GABA neuron 


DA neuron 


+AF 350 


TH 


of the inhibitory projections to the VTA. We 
focused on the major input that originates in the 
nucleus accumbens (NAc). Accumbal medium 
spiny neurons (MSNs) fall into two classes, the 
D1R-MSNs and D2R-MSNs (7), which may 
segregate with the projection target. To reveal 
the type of MSN projecting to the midbrain, we 
injected a retrograde tracer (B subunit of cholera 
toxin) fused to a fluorescent cyanine dye (CTB-Cy3) 
into the VTA of bacterial artificial chromosome 
(BAC) transgenic mice in which the expression 
of enhanced green fluorescent protein (EGFP) 
is driven by the promoters of D1 or D2 recep- 
tors, respectively (D1R-EGFP and D2R-EGFP 
mice; Fig. 1A). We then counted the CTB-Cy3— 
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positive cells and determined the colocalization 
with EGFP in neurons of the NAc of both mouse 
lines (Fig. 1B; Hoechst, a nuclear stain, was used 
to obtain the total number of cells, 7 = 1721 and 
n = 1922 in DIR-EGFP and D2R-EGFP mice, 
respectively; 3 animals each). EGFP-positive 
cells accounted for about half of all cells (DIR- 
mice, 52 + 2%; D2R-EGFP mice, 43 + 1%; Fig. 
1C). A smaller fraction of cells, similar in both 
mouse lines, was positive for CTB-Cy3 (DIR- 
EGFP mice, 34 + 8%; D2R-EGFP mice, 33 + 4%; 
Fig. 1C). Colocalization with EGFP was observed 
only in DIR-EGFP mice (Fig. 1, B and C). 
Hence, only DIR-MSNs project directly to the 
midbrain. 


Merge Cc 
a 
Wwe 
oO 
7 
a 
a 
a 
We 
oO 
Ww 
iam 
N 
a 
G Pitx3-GFP™ H 
I | PTX 
=> = ~=—s 2500 ‘ _ 
a Pitx3-GFP 
® 2000 
no} 
= 1500 
Qa 
1000 
ae 7 500 Pitx3-GFPT 
Pitx3-GFP* & gf _ ©, 
| 1 ptx 0 20 40 60 80100 
a= Connectivity (%) 


DA neuron 


HES 
Firing rate (Hz) rr 


# Trials 


TF SEE 


oO 
a4 
g 
o1.5] 
= 
= 
= 
= 
= 


Norm. firing rate 
oO ff SO} 
cu ; 2 


Time (s) 


fo>) 
fo) 
mr 
° 
° 
art 
rw 
oo 
o- 
o-| 
= 
= 


a 2-s laser pulse. Scale bars, 1s, 10 mV. Bottom: Average normalized firing rates during blue laser stimulation of GABA neurons (K) and DA neurons (L) identified 


with juxtacellular labeling. All data are means + SEM. 
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Because the VTA contains GABA and DA 
neurons (8) and because recent studies have sug- 
gested that MSNs of the NAc project to both 
(9, 10), we aimed to characterize the functional 
connectivity between MSNs and VTA neurons. 
We expressed ChR2 in the NAc of mice that 
expressed a fluorescent marker in VTA GABA 
neurons (GAD65-tdTomato) and prepared acute 
slices of the VTA (Fig. 1D). We recorded from 
both tdTomato’ and tdTomato” neurons (Fig. 1) 
and induced GABA release by wide-field illu- 
mination. Large inhibitory postsynaptic currents 
(IPSCs) were elicited in the majority (87.4%) 
of tdTomato” neurons (497 + 89 pA, n = 17), 
whereas only a small fraction of tdTomato neu- 
rons was responsive (8.3%, 20.3 + 15.2 pA, 
n= 24; Fig. 1F). Both picrotoxin (PTX, 100 uM, 
n = 5) and tetrodotoxin (TTX, 0.5 uM, n = 5; 
fig. S1) abolished the IPSCs in tdTomato* neurons, 
confirming action potential—-dependent trans- 
mitter release followed by GABA, receptor ac- 
tivation (Fig. 1E). Clearly, accumbal MSNs exert 
strong inhibition onto VTA GABA neurons. To 
reveal a possible functionally weaker connec- 
tivity onto DA neurons, we expressed the more 
efficient ChR2(H134R) (//) into the NAc of 
Pitx3-GFP mice (a marker for DA neurons) (/2). 
Under these circumstances, we detected small 
IPSCs in 67% of the Pitx3-GFP” cells (127 + 
44 pA, n= 12) and large IPSCs in 100% of Pitx3- 
GFP’ neurons (1602 + 473 pA, n = 10; Fig. 1, G 
and H). Thus, although a direct inhibitory pro- 
jection onto VTA DA neurons exists (10), we 
found a much more frequent and stronger in- 
hibitory connection onto VTA GABA cells (9). 
This suggested that DIR-MSNs of the NAc could 
drive disinhibition of VTA DA neurons (/3). 

We therefore performed in vivo single unit 
recordings of VTA neurons in response to optical 
stimulation of MSN terminals in the VTA in 
anaesthetized mice (Fig. 11). We first recorded from 
GABA neurons, as confirmed by juxtacellular 


labeling methods and post hoc immunohisto- 
chemistry (Fig. 1J, top). All GABA neurons 
responded to a 2-s light pulse with decreased 
spiking activity (92.2 + 2% of baseline activ- 
ity, n = 4; Fig. 1K). We next recorded from DA 
neurons (Fig. 1J, bottom), whose activity was 
increased when the blue light was flashed 
(146.8 + 10.5% of baseline, n = 7, P < 0.05; 
Fig. 1L). Thus, despite a weak direct inhibitory 
connection to VTA DA neurons, D1R-MSN ter- 
minal activation leads to their disinhibition. This 
scenario was confirmed when we expressed 
the inhibitory opsin effector halorhodopsin 
(eNpHR3.0) selectively in VTA GABA neurons. 
An increase in DA neuron activity during a 2-s 
amber light activation was observed (fig. S2). 
We conclude that NAc D1R-MSNs suppress 
the tonic activity of VTA GABA neurons, which 
disinhibits VTA DA neurons. 

With addictive drugs, it is generally assumed 
that disinhibition is fully reversed once the drugs 
are eliminated. We hypothesized that the dis- 
inhibitory circuit in the VTA may undergo per- 
sistent remodeling with repetitive drug exposure. 
We investigated whether the synapse between 
D1-MSNs and VTA GABA neurons is capable 
of expressing activity-dependent synaptic plas- 
ticity. We elicited GABA release from axonal 
terminals in the VTA with blue light and recorded 
from VTA GABA neurons (Fig. 2A). High- 
frequency stimulation (HFS; Fig. 2A) of MSN 
terminals led to a robust potentiation of light- 
evoked IPSCs (183 + 22% of baseline, n = 15, 
P<0.05; Fig. 2B). This inhibitory long-term po- 
tentiation (LTP), which could also be induced 
with low CI -containing internal solution (135 + 
8% of baseline, n = 8, P < 0.01; fig. S3A), was 
associated with a decrease of the failure rate 
(baseline, 0.29 + 0.07; after HFS, 0.2 + 0.06; n = 
12, P < 0.01) and changed variance (1/CV?; 
baseline, 2.02 + 0.54; after HFS, 4.23 + 1.26; n= 
15, P < 0.01); the reduction of the paired pulse 
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ratio (PPR) was not significant because of a high 
variance (baseline, 1.02 + 0.19; after HFS, 0.93 + 
0.08; n = 15, P > 0.05; Fig. 2C). The three pa- 
rameters in combination strongly suggest an in- 
crease in release probability. Infusion of a high 
concentration of the calcium chelator BAPTA 
(10 mM) into the postsynaptic neuron did not 
block iLTP (160 + 20% of baseline, n = 14, P< 
0.01; Fig. 2D), whereas the calcium channel 
blocker nimodipine applied extracellularly (Nim, 
10 uM) or blockade of D1Rs abolished the po- 
tentiation (91 + 18% and 92 + 10% of baseline, 
n=7 and 7, P > 0.05; Fig. 2, E and F). 

Presynaptic forms of synaptic plasticity de- 
pend on the cyclic adenosine monophosphate— 
protein kinase A (CAMP-PKA) cascade (/4). We 
aimed to stimulate potentiation with the adenylyl 
cyclase (AC) activator forskolin (FSK, 10 uM). 
This caused a potentiation of the transmission 
(178 + 32% of baseline, n = 11, P< 0.01; Fig. 2G, 
black trace), which occluded the ability of HFS to 
induce iLTP (86 + 6% of baseline, n = 4, P > 0.05; 
Fig. 2G, gray trace). The underlying mechanism 
therefore likely involves this cascade in the ter- 
minals of NAc MSNs initiated by D1Rs. We con- 
firmed that FSK-induced potentiation is solely 
mediated by presynaptic PKA by additionally 
loading the postsynaptic cell with the membrane- 
impermeable PKA inhibitor PKI 6-22 (20 uM) 
while bath-applying FSK (fig. S3B). Taken to- 
gether, induction as well as expression of iLTP 
is likely to be presynaptic, akin to well-described 
forms of potentiation at hippocampus mossy fiber 
excitatory synapses (/5). Because this “sister” 
LTP requires the scaffolding protein Rim1a (/6), 
we tested its involvement in iLTP. HFS in the 
Rimla” mice left basal IPSC amplitudes un- 
affected (97 + 14% of baseline, n =7, P > 0.05; 
Fig. 2H). Hence, iLTP in the VTA also depends 
on presynaptic Rimla. 

We next wanted to test whether inhibitory 
transmission between D1R-MSNs and VTA 
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traces of IPSCs at baseline (black) and after HFS (gray). Scale bars, 100 pA, 10 ms, except for (F), 40 pA, 10 ms. Data are means + SEM. 
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GABA neurons was affected by repetitive drug 
exposure. Cocaine is a highly addictive drug that 
evokes synaptic plasticity at several excitatory 
synapses of the mesolimbic system (/7). Its re- 
inforcing effects are mediated by increasing DA 
concentration in the NAc instead of disinhibiting 
DA neurons [cocaine actually briefly inhibits DA 
neuron firing in the acute phase (/8)]. To test for 
cocaine-induced synaptic plasticity at this dis- 
inhibitory circuit, we repeatedly treated mice 
with cocaine [15 mg/kg intraperitoneally (1.p.) 
for 5 days; Fig. 3A], prepared midbrain slices 
24 hours after the last injection, and examined 
whether this treatment interfered with the ability 
to elicit iLTP. Drug exposure disrupted HFS- 
induced iLTP (saline, 157 + 29% of baseline, 
n= 9; cocaine, 86 + 7% of baseline, n = 9; P< 
0.05; Fig. 3B) and was associated with a de- 
crease of the PPR (saline, 1.28 + 0.09, n = 27; 
cocaine, 0.82 + 0.09, n = 19; P< 0.01; Fig. 3C), 
indicating an occlusion scenario. Bath applica- 
tion of FSK readily potentiated light-evoked IPSCs 
in slices from saline-treated animals, whereas it 
failed to potentiate the IPSCs in the cocaine group 
(saline, 249 + 51% of baseline, n = 9; cocaine, 
101 + 15% of baseline, n = 8; P < 0.05; Fig. 3D), 
confirming the involvement of the cAMP-PKA 
cascade in the induction of cocaine-evoked syn- 


To test whether induction of cocaine-evoked 
inhibitory plasticity was dependent on the in- 
crease of extracellular DA concentration, we ex- 
posed mice carrying a mutated cocaine-insensitive 
DAT (DAT x) (20) repeatedly to cocaine. In 
DAT x; mice, cocaine treatment did not disrupt 
the ex vivo iLTP (223 + 38% of baseline, n = 12, 
P < 0.05), whereas potentiation was not fully 
induced in heterozygous littermates (126 + 23% 
of baseline, n = 7, P > 0.05; Fig. 3E). This in- 
dicates that without DAT inhibition, cocaine 
does not disrupt iLTP, thus confirming that in vivo 
cocaine-evoked synaptic plasticity is induced by 
a dopamine-dependent mechanism. 

The decreased PPR values suggested an en- 
hanced GABA release probability at DIR-MSN 
terminals after cocaine treatment. We thus recorded 
spontaneous inhibitory synaptic currents (sIPSCs) 
after repeated cocaine treatment (Fig. 3, F to H). 
Cocaine increased the sIPSC frequency in GABA 
neurons (saline, 7.1 + 1.1 Hz, n = 11; cocaine, 
16.2 + 4.1 Hz, n = 12, P< 0.05, with a trailing 
enhancement of the amplitudes: saline, 56 + 5.1 
pA, 1 = 11; cocaine, 72.6 + 11 pA, n = 12; P> 
0.05; Fig. 3, F and G) but not in DA neurons, 
where the frequency of sIPSC was in fact lower 
in slices from cocaine-treated mice (frequen- 
cies: saline, 14.7 + 2.5 Hz, n= 11; cocaine, 7.4 + 


47.1+3.3 pA, n= 11; cocaine, 40.5 + 2.1 pA, n= 
10; Fig. 3, F and H), in line with a depressed 
inhibition reported previously (2/, 22). Our data 
suggest a long-lasting disinhibition of VTA DA 
neurons, most likely through the potentiation of 
inhibitory synaptic transmission onto GABA 
neurons through a presynaptic mechanism. If 
this is the case, then the basal firing activity of 
VTA DA neurons should be increased after re- 
peated cocaine treatment. Indeed, DA neurons 
showed increased spiking and burst firing ac- 
tivity after repeated cocaine treatment relative to 
saline-injected mice [saline, 3.4 + 0.6 Hz and 
24.7 + 5.7% spikes fired in bursts (SIB), 1 = 23; 
cocaine, 9.0 + 1.7 Hz and 53.1 + 8.9% SIB, n = 
16; P< 0.01 and P< 0.005; Fig. 31 and fig. $4], 
whereas GABA neurons fired at lower rates after 
cocaine (saline, 9.9 + 2.1 Hz, n = 20; cocaine, 5.1 + 
1 Hz, n = 15; P < 0.05; Fig. 31). Elevated firing 
activity of DA neurons is unlikely to result from 
increased direct excitation onto these cells, because 
one single injection of cocaine, which increases 
glutamatergic tone onto DA neurons (23), failed 
to increase firing rates of DA neurons 24 hours 
after the injection (fig. S5). Taken together, these 
findings imply that cocaine selectively potentiates 
GABA telease from NAc D1R-MSN terminals in a 
DA-dependent fashion such that VTA DA neurons 
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Fig. 3. Potentiation of inhibitory transmission by cocaine. (A) Treatment 
protocol. (B) Cocaine treatment abolishes iLTP. Scale bars, 100 pA, 10 ms. (C) PPR 
example traces and group data. Scale bars, 20 ms, 50 pA. (D) Occlusion of FSK 
potentiation by cocaine treatment. Scale bars, 100 pA, 10 ms. (E) Failure to 
abolish iLTP in DAT, mice. Scale bars, 100 pA, 10 ms. (F) Setup and example 
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sIPSC amplitude (pA) 


sIPSC amplitude (pA) 


sal sal coc 


traces of sIPSCs. Scale bars, 50 pA, 0.5 s. (G and H) Cumulative probability 
distributions of sIPSC in GABA neurons (G) and DA neurons (H). Insets: bar graphs 
with means + SEM. (I) Setup and example traces from in vivo recordings of VTA 
GABA and DA neurons (scale bars, 2 s, 10 mV; inset scale bars, GABA, 2 ms, 10 mV; 
DA, 2 ms, 2 mV). Bottom: Group data for firing rates. 
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How may drug-evoked inhibitory plasticity 
relate to behavioral actions of cocaine caused by 
the activation of DIR-MSNs (24)? We assessed 
locomotor sensitization (Fig. 4A), a model for 
incentive saliency of cocaine that develops over 
five daily injections, just as cocaine-evoked in- 
hibitory plasticity (25). We first verified the con- 
sequences of the iLTP induction protocol in vivo 
on the activity of VTA neurons (Fig. 4A) and 
observed inversed firing frequencies in GABA 
and DA neurons (GABA HFS versus no HFS, 
2.5 + 1 Hz and 13 + 2 Hz, P< 0.0001; DA HFS 
versus no HFS, 9.5 + 6 Hz and 3 + 1 Hz, P< 
0.01; 35 + 12 SIB versus 16 + 4% SIB, P< 0.05; 
n= 10 to 17; Fig. 4B and fig. $4), comparable 
to the cocaine treatment. On subsequent days, 
locomotor sensitization to cocaine was enhanced 
(control AAV, 1389 + 184 turns/hour, n = 15; 
ChR2-AAV, 3104 + 555 turns/hour, n = 11; P < 
0.01; Fig. 4C). We next tested the effect of an 
in vivo HFS on conditioned place preference 
(CPP), a paradigm to measure the memory effect 
of drug reward (26). HFS was applied outside 
the conditioning chamber | day before the drug 
administration (10 mg/kg), which prevented CPP 
(control AAV, 105 + 29 min, n = 9; ChR2-AAV, 
17+27,n=11; P< 0.05; Fig. 4D). These data 
support a model whereby the VTA serves as a 
gate for downstream circuit adaptations that un- 


Fig. 4. InvivoHFSen- 
hances cocaine-induced 
locomotor sensitization 
and occludes conditioned 
place preference. (A) Ex- 
perimental setup. (B) Ex- 
ample traces of in vivo 
recordings of VIA GABA 
and DA neurons (scale 
bars, 5 mV; inset scale bars, 
2 ms, 10 mV). Bottom: 
Group data for firing rates. 
(C) Locomotor activity im- 
mediately after saline (days 
—3 to —1) or cocaine (days 
1 to 5) injections (i.p.). (D) 
Group data for CPP score. 
Data are means + SEM. 
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derlie sensitization and occludes CPP where cue 
association requires burst activity of DA neurons. 

The cellular correlate of the disinhibition of 
VTA DA neurons is a form of homosynaptic 
potentiation of GABA transmission onto VTA 
GABA neurons. This cocaine-evoked inhibitory 
plasticity is DA-dependent and is expressed pre- 
synaptically. As a consequence, VTA DA neu- 
rons fire at higher frequencies, which facilitates 
the induction of locomotor sensitization and oc- 
cludes CPP. This adaptation of the inhibitory limb 
of the mesolimbic circuitry occurs in parallel with 
a strengthening of excitatory afferents onto DA 
neurons in the VTA (23, 27, 28). Then, after sev- 
eral days of withdrawal, excitatory transmission 
in the NAc also adapts (26). Thus, the drug-evoked 
synaptic plasticity in back-projecting D1R-MSNs, 
described in the present study, emerges as a cru- 
cial step in circuit remodeling (29). Note that 
D1R-MSNs undergo presynaptic and postsynaptic 
changes (30), resulting in an overall strengthening 
of their inhibitory effects and enhanced locomotor 
sensitization, whereas inhibition of DIR-MSNs 
attenuates this behavior (3/). 

Drug-evoked inhibitory plasticity may also 
prevent further associative learning and may lead 
to behavioral adaptations such as compulsive 
cocaine seeking or incubation of craving (32, 33). 
Clearly, a picture is emerging of mesolimbic cir- 
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cuit remodeling that affects excitatory as well 
as inhibitory transmission, with the effect of 
enhancing DIR-MSN function. Controlling the 
activity of the DIR-MSNs, by pharmacological 
means or neuromodulation, may therefore emerge 
as an appealing target for novel therapeutic inter- 
ventions in addiction. 
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scheo! of : with an associated graduate 
edicine ai 

Mount school 

oma = Ranked #5 in the nation for 


sT National Institutes of Health 
GRAD SCHOOLS funding per investigator 


ee = The Graduate School's faculty 
are part of more than 200 
diverse research laboratories 


SCIENCE & 
DIPLOMACY 


SCIENCE & DIPLOMACY 
provides an open access forum 

for rigorous thought, analysis, and 
insight to serve stakeholders who 
develop, implement, or teach all 
aspects of science and diplomacy. 
Learn more about the latest ideas in 
science diplomacy and receive regular 


updates by following @SciDip on 


Twitter and registering for free at 
www.sciencediplomacy.org/ 


user/register. 


WWW.SCIENCEDIPLOMACY.ORG 


Science & Diplomacy is published by the Center for Science 
Diplomacy of the American Association for the Advancement of 
Science (AAAS), the world’s largest general scientific society. 
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For your career in science, there’s only one | 
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Recommended by leading professional societies and endorsed by the National Institutes of Health, 
an individual development plan will help you prepare for a successful and satisfying scientific career. 
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support from the Burroughs Wellcome Fund, AAAS and Science Careers present 


the first and only online app that helps scientists prepare their very own 


individual development plan. 
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making processes traceable and reproducible. 


Mettler Toledo 
For info: 800-638-8537 | www.mt.com/OptiMaxHFCal 
— 
SOLID PHASE EXTRACTION 


Thermo Fisher Scientific is pleased to announce the additions of WAX and 
WCX phases for bioanalysis to its revolutionary SOLA solid phase extrac- 
tion (SPE) product line. The new phases are available in cartridge and plate 
formats. Thermo Scientific SOLA products are the first fritless SPE car- 
tridges and plates, offering: unsurpassed reproducibility at low elution vol- 
umes, low failure rates, enhanced sensitivity, and clean sample extracts. The 
novel design eliminates voiding, channeling, and packing inconsistencies 
that can cause analytical failures or poor reproducibility. 

Thermo Fisher Scientific 

For info: 408-965-6408 | www.thermoscientific.com/sola-SPE 


PURIFICATION COLUMNS 

The new cOmplete His-Tag Purification Column for researchers perform- 
ing histidine-tagged protein purification from lysates. The new column uses 
Roche’s proprietary nickel-chelate chemistry and is compatible with com- 
monly used reducing agents (DTT), metalloproteinase-inhibiting reagents 
such as EDTA, and different buffer and salt environments. This allows re- 
searchers to choose optimal buffer conditions for the target protein in a 
convenient prepacked format. Following the purification step, the new col- 
umn does not require buffer exchange or resin recharging therefore avoid- 
ing a costly and time consuming process. In addition, the resin’s minimized 
nickel ion leakage not only reduces toxic nickel waste, but also stabilizes the 
target protein by preventing nickel ions from catalyzing protein oxidation. 
Thanks to the additional format, researchers can choose their preferred 
method of purification. The cOmplete His-Tag Purification Resin can be 
used for batch purification as well as on automated systems based on fast 
protein liquid chromatography. Prepacked cOmplete His-Tag Purification 
Columns are available in two sizes (1 mL and 5 mL) and are compatible with 
standard instruments for protein purification. 

Roche 

For info: 800-262-1640 | www.complete.roche.com 


OptiMax HFCal is a newly designed heat flow calorimeter that offers highly intuitive operation so users can 
run experiments faster for significant resource savings. A chemical reaction’s heat-related information is key 
to developing a safe, robust process—and the earlier this information can be evaluated, the faster the process 
can be transferred into large-scale production. OptiMax HFCal enables easy, rapid characterization of these 
process-safety parameters, including heat transfer, specific heat of reaction mass, isothermal and nonisothermal 
heat flow, enthalpy, and thermal conversion rates at all reaction stages. The electrical heating and Peltier cooling 
systems ensure precise temperature control from -40°C to 180°C without cryostat and ice-bath maintenance 
for added time savings and a smaller bench footprint. Easy data gathering is also critical for establishing reliable, 
repeatable calorimetric measurement. With OptiMax HFCal, all experiment data is recorded automatically, 


STABILIZED PEPSIN 

The new CytoZyme Stabilized Pepsin is an advanced formulation of pep- 
sin for pretreating tissue samples in nucleic acid probe-based cytogenetic 
assays including fluorescence in situ hydridization (FISH). CytoZyme is a 
ready-to-use solution of purified pepsin that can be stored in the refrigera- 
tor without loss of activity. It replaces dry powder forms of pepsin that vary 
in activity, which can negatively affect test results. Variability in FISH/ISH 
test results is frequently traceable to the protease used to pretreat patient 
samples prior to hybridization with nucleic acid probes. CytoZyme pro- 
vides reliable activity day-to-day and lot-to-lot thereby eliminating varia- 
tion in protease treatment as a common source of test variability in cyto- 
genetic labs. 

SciGene 

For info: 408-733-7337 | www.scigene.com 


CHROMATOGRAPHY COLUMNS 

The Superdex 200 Increase size-exclusion chromatography columns are 
designed for both preparative and analytical purposes for a broad range of 
biomolecules, enabling higher purity and improved protein analysis. The 
columns deliver up to double the resolution or retained resolution in half 
the time, depending on the conditions selected and the molecule. Opti- 
mized for monoclonal antibody separation, the Superdex 200 Increase pre- 
packed columns can be used for small-scale (ug—mg) high-resolution gel 
filtration and for characterizing a variety of different proteins sized between 
10,000 Da and 600,000 Da. The column’s high-flow agarose base matrix is 
pH stable, easy to clean, and has low nonspecific interaction. Superdex 200 
Increase is available in three sizes (10/300 GL, 5/150 GL, and 3.2/300) 
and can be used with AKTA chromatography systems for a variety of ap- 
plications including protein purification, aggregate analysis, studies of com- 
plex formation, and screening of samples. 

GE Healthcare Life Sciences 

For info: 800-526-3593 | www.gelifesciences.com/newsec 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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Support the 
SCIENCES. 
Get rewarded. 


Show your AAAS pride and reward 
yourself with the new AAAS 
Platinum Advantage Rewards Card 
from NASA Federal Credit Union. 


Apply now and get 
10,000 bonus points! 


Go to nasafcu.com/AAASpromo 


Get 10,000 bonus 
points if you sign up 
for a card and spend 
$3,000 within 90 days 
of account opening. 


Learn more at 
nasafcu.com/AAASpromo. 


Subject to credit approval. 
Membership in AAAS and NASA FCU is required. 
NASA FCU is federally insured by NCUA. 


FuGENE’ HD ; 
Illuminate Real Biology oul 


Don’t let old toxic transfection technology 
get in the way of your science. 
FuGENE® HD provides the 
power to transfect 

virtually any cell type 

while maintaining 

biologically relevant 

cell signaling responses. 


Key applications: 


¢ Cancer Biology 

e Stem Cell Research 

e Developmental Biology 

e Neurobiology 

e Immunobiology 

e Lentivirus Production 

¢ CHO Cell Protein Production 
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In this BaF3 cell model of NF-kB luciferase induction, only 
FuGENE® HD and FuGENE® 6 are able to create a usable assay. 


To discover the power of FUGENE® HD for your biology, request a free sample at 
www.promega.com/pathwaybiology 
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Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 
East Coast/West Coast/South America 
Phone: 202-326-6577 


Marci Gallun 
Midwest/Canada 
Phone: 202-326-6582 


Candice Nulsen 
Corporate 
Phone: 202-256-1528 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE /INDIA/AUSTRALIA/ 
NEW ZEALAND / REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Axel Gesatzki 
Phone: +44 (0)1223 326529 


Sarah Lelarge 
Phone: +44 (0) 1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


AAPAN 

Yuri Kobayashi 

Phone: +81-(0)90-9110-1719 
E-mail: ykobayas@aaas.org 


CHINA/KOREA/SINGAPORE/ 
TAIWAN / THAILAND 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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Faculty Positions in Analytical Sciences and Engineering 


The University of Notre Dame announces six new faculty positions in Analytical Sciences and 
Engineering. The positions range from junior level through tenured senior faculty to endowed 
chair appointments. Successful candidates may choose to establish their programs in Notre Dame’s 
Department of Chemistry and Biochemistry or the Department of Chemical and Biomolecular 
Engineering, or both. 


Since 2006, Notre Dame has initiated the fastest growing analytical sciences program in the U.S., 
and now seeks to build upon that momentum by leveraging the initial investment in excellence with 
a disciplined hiring program designed to attract world-leading scholars in the chemical measure- 
ment sciences. These positions will impact the analytical sciences by taking advantage of parallel 
efforts in the targeted departments, the university, the region, and the state of Indiana - including: 
(a) strongly overlapping hiring initiatives in Notre Dame’s Colleges of Science and Engineering, 
(b) investments in molecular diagnostics through the Advanced Diagnostics & Therapeutics stra- 
tegic research investments, (c) initiatives to establish degree programs in analytical sciences, and 
(d) state-wide education and research initiatives developed in concert with colleagues at Indiana 
University and Purdue University. 


The positions include salary, start-up funding and laboratory space commensurate with level. Junior 
candidates should include a cover letter, curriculum vitae, detailed research plan, and statement of 
teaching interests directed to Paul W. Bohn/Norman J. Dovichi, Chair, ASEND Search Committee 
(https://academicjobsonline.org/ajo/jobs/3091). Candidates must also arrange to have at least 
three letters of recommendation sent to the search committee via the application website, although 
senior applicants can apply in confidence. Review of applications will commence immediately and 
will continue until suitable candidates are identified. 


The University of Notre Dame is an Equal Opportunity Employer with a strong institutional 
commitment to diversity and endeavors to foster a vibrant learning community animated by the 
Catholic intellectual tradition. 


Senior Faculty Position 


The Center for Immunology & Microbial Disease at Albany Medical College invites 

applications for a tenure-track Associate/Full Professor position from individuals with 

demonstrated research productivity and interest in translational research. Applicants 

for this senior faculty position should have an MD, MD/PhD or PhD, and lead an 

internationally-recognized research program in immunology and/or host-pathogen 

interactions with particular emphasis on disease mechanisms in humans. Successful 
candidates will also demonstrate strong communication skills and an ability to excel in collabora- 
tive research endeavors. The position will have a critical role in the development of joint research 
programs between the Interdisciplinary Research Center in Immunology and Microbial Disease and 
the Departments of Internal Medicine and Pediatrics. This position will also have broad responsi- 
bility for leading a program for training of doctoral and physician research scientists emphasizing 
host-pathogen interactions. Joint appointments in divisions of clinical interest are encouraged. The 
CIMD faculty comprises a highly collaborative research group that this year received $4.6M in NIH 
funding, ranking it within the top half of all Microbiology and Immunology programs in the country. 
The successful candidate will receive an attractive start-up package including the ability to recruit and 
lead a focused group to be located in our newly constructed 4500 sq ft dedicated laboratory space. 
This new facility has access to all departmental core services including the Center’s fully-staffed 
Immunology and ABSL-3/BSL-3 Cores. We also have a cooperative program with Translational 
Medicine that includes use of a new Clinical Research Unit capable of performing both investigator- 
initiated and industry-sponsored Phase 1/2 infectious disease clinical trials. Albany Medical College 
is located in a mid-sized city within the upstate New York Capital Region, and has easy access to 
Boston, New York City, and the Adirondack Mountains. 


Applicants should send their curriculum vitae, a statement of research plans, and contact informa- 
tion for three references to: 
Faculty Search Committee 
Center for Immunology & Microbial Disease and 
Infectious Diseases Program, Department of Internal Medicine 
Albany Medical College 
47 New Scotland Avenue, MC-151 
Albany, NY 12208 


For further information about the Center, visit www.amc.edu/Research/IMD/ 


AMC supports a diversified, smoke-free environment and is proud to be an Equal Opportunity/Affir- 
mative Action Employer, encouraging women and minorities to apply. In support of a safe, drug-free 
environment, criminal background checks and drug testing are part of our hiring process. 


NANYANG 


TECHNOLOGICAL 
UNIVERSITY 


DISTINCTIVE LEADERSHIP 
AND RESEARCH 
OPPORTUNITY 


with one of the world’s fastest-rising 
universities. NTU, Singapore 


Nanyang Technological University, Singapore, invites applications for the position of 


DEAN, COLLEGE OF ENGINEERING 


About the Appointment 

Nanyang Technological University is seeking an accomplished and visionary academic and research leader for the position of the Dean of the College of 
Engineering. 

Reporting to the Provost, the Dean will provide foundational vision, leadership and oversight for the strategic, academic and intellectual affairs of the College 
and its six constituent Schools. The Dean is expected to lead on an inter-disciplinary basis within and amongst Colleges, and build the human capital of the 
Engineering College with proactive recruitment of world-class faculty. Other critical responsibilities include cultivating areas of academic and research excellence 
including inter-College collaboration, providing leadership for securing external research funding support, and interaction with external stakeholders to raise the 
College’s profile, academic standing and engagement. The Dean is also a member of the University Cabinet, the highest management decision-making body, 
and other senior leadership committees at the University. 


This is an opportunity for an outstanding academician who is passionate about inter-disciplinary teaching and research, and about growing and strengthening a 
dynamic College, in a collaborative manner with other Colleges, within a University with a high global impact. 


The appointee must have an outstanding record of academic leadership, research and teaching in a reputable university or academic institution. The appointee 
must demonstrate leadership, vision, and outstanding interpersonal skills to engage faculty and administrators across campus. Other essential attributes 
include the ability to effectively communicate with stakeholders, work cooperatively with national funding agencies and commit to faculty-shared governance. 
The appointee must also be passionate and committed to enhancing the existing academic strengths of the College in research, scholarship and education. 


About Singapore 

Singapore is a dynamic centre for the pursuit of science, technology, and innovation, and the vibrant city-state is known for its commitment to academic 
excellence and research. Singapore aims to be a global centre for academic excellence in higher education and research, and this strategic goal and direction 
has been supported by major public sector investments. Uniquely situated in an emergent and vibrant Asia, Singapore combines the eastern and western 
approaches to governance, education, and lifestyle. Having forged lasting and synergistic business and academic relationships with China, India, other Asian 
countries and beyond, Singapore sits at the crossroads of cultures and peoples. 


About the University 

Nanyang Technological University (NTU) is an internationally renowned research-intensive university with globally acknowledged strengths in Engineering and 
Business. Science and Humanities have added to the strengths of the University, and a Medical School has been set up jointly with Imperial College London. 
Ranked 8th in Asia and 41st in the 2013 Quacquarelli Symonds (QS) World University Rankings, NTU is the fastest rising Asian university in the QS Top 50. 
In this ranking, NTU’s Engineering and Technology is ranked 14th in the world and 3rd in Asia. NTU is also the 2nd in the world among the young elite universities 
in the QS’ rankings. 

NTU is the Sth most-cited university for engineering research output that is among the top three universities globally (Essential Science Indicators, January 2013). 
The Electrical and Electronic Engineering and Computer Engineering schools have both been ranked 1st in Singapore and 4th in the world (after MIT, University 
of California, Berkeley, and Stanford University) by the Higher Education Evaluation & Accreditation Council of Taiwan. In the QS World University Rankings by 
Subject 2013, NTU is ranked within the world’s top 20 for Civil Engineering (8th worldwide and first in Singapore), Mechanical Engineering (11th), Communication 
& Media Studies (11th), Education (13th), Electrical Engineering (14th) and Materials Science (14th). NTU was placed 32nd globally and 6th in Asia in the 2013 
Financial Times Global MBA Rankings. Its accounting research in the business school has been ranked 1st in Asia and 5th position globally in the latest Brigham 
Young University (BYU) Accounting Research Rankings. 


The University’s academic and research programmes, with real-world relevance, have received strong support from major corporations and industry, in terms of 
research funding, industry partnerships, and global internship opportunities for the students. 

A founding member of the Global Alliance of Technological Universities, NTU aims to groom active citizens of the world who can lead and manage new, complex, 
global challenges. The University provides a high-quality comprehensive and global education to more than 23,500 undergraduates and 9,500 graduate students. 
Together with the University’s 3,800-strong faculty and research staff who bring international academic perspectives and depth of experience, the University’s 
main 200-hectare residential garden campus -— located at the south-western part of Singapore — is a hub for vibrant academic endeavours. 


About the College 
NTU’s four colleges - College of Engineering; College of Science; College of Business (Nanyang Business School); and College of Humanities, Arts, and Social 
Sciences - comprise 12 component schools. The College of Engineering is one of the largest engineering colleges in the world, housing six constituent Schools, 
14,000 students, 600 faculty and 1,600 staff. The six schools are the School of Chemical and Biomedical Engineering, the School of Civil and Environmental 
Engineering, the School of Computer Engineering, the School of Electrical and Electronic Engineering, the School of Materials Science and Engineering and the 
School of Mechanical and Aerospace Engineering. 


More information on the College can be accessed at: http://coe.ntu.edu.sg 
To apply, please send your curriculum vitae, accompanied by a cover letter, to: 


The Vice-Chairman of the Search Committee, Professor S. Shankar Sastry 

Dean, College of Engineering 

Roy W. Carlson Professor of Electrical Engineering and Computer Science, Bioengineering & Mechanical Engineering 
University of California, Berkeley 

c/o Secretary to the Search Committee 

Nanyang Technological University, Level 4, Administration Building 

50, Nanyang Avenue, Singapore 639798 

Fax: (65) 6795 9001 Email: DEANSEARCHCOE@NTU.EDU.SG 

Applications will be welcomed up to 15 January 2014 

Korn/Ferry International Pte Ltd is the appointed Executive Search firm for the Dean Search. 


All applications and materials submitted will be held in strict confidence. 


www.ntu.edu.sg 
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INSTITUTE OF MOLECULAR BIOLOGY 
ACADEMIA SINICA, TAIWAN, ROC 


One tenure-track faculty position is open for a highly qualified individual 
to establish independent research programs in all disciplines of molecular, 
cellular, and systems biology. Applicants should hold a Ph.D. degree 
or its equivalent, and postdoctoral research experience is preferred. The 
successful recruit will be appointed at the levels of Assistant, Associate, 
or Full Research Fellows (equivalent to academic ranks of Assistant, 
Associate and Full Professors at universities), and receive a generous 
multi-year start-up package, followed by annual intramural support. 


The Institute of Molecular Biology at Academia Sinica (http://www.imb. 
sinica.edu.tw/en) provides an active and stimulating research environment, 
is well supported by both extramural and long-term intramural funding, 
and features several core facilities (imaging, microarray, Next Generation 
Sequencing, RNAi, electrophysiology, FACS, bioinformatics and mouse 
facilities) that provide state-of-the-art resources and key technical 
expertise to the Institute’s research community. Recent research works 
were published in top journals such as Science, Nature, and Cell. Currently 
three Ph.D. programs, with one recruiting international students, are 
formally affiliated with the Institute. English is the official language for 
regular seminars and most of the lectures at the Institute, and proficiency 
in Chinese language is not a prerequisite for application. 


Applicants should send their Curriculum Vitae, a description of past 
research accomplishments and future research plans, and arrange for three 
letters of recommendation to be sent directly to: 


Dr. Soo-Chen Cheng, Director 
c/o Ms. Vivi Chiang 

Institute of Molecular Biology, 
Academia Sinica 

Taipei, Taiwan 11529, ROC 


The selection process will start on December 15, 2013 until the positions 
are filled. Further information can be obtained from 
Ms. Vivi Chiang at vivi@imb.sinica.edu.tw 


THE ANSAS 


Bioinformatics/Computational Biology 


The Center for Bioinformatics (Bioinformatics Program) and the Depart- 
ment of Molecular Biosciences invite applications for an assistant profes- 
sor tenure-track faculty position to begin as early as August 18, 2014. The 
interdisciplinary Center for Bioinformatics (www.bioinformatics.ku.edu) 
complements existing strengths in the Department of Molecular Biosciences 
(www.molecularbiosciences.ku.edu), including structural biology, computa- 
tional chemistry, proteomics, systems biology, and developmental/molecular 
genetics, as well as strengths in drug design and information technology in 
the Schools of Pharmacy and Engineering. The Center fosters international 
activities in Bioinformatics and combines outstanding research and a Ph.D. 
program. 


Required Qualifications: Ph.D. and postdoctoral experience in a discipline 
related to Bioinformatics is expected by the start date of the appointment; 
potential for excellence in research in Bioinformatics; commitment to teach- 
ing life sciences courses; and strong record of research accomplishments in 
at least one of the following areas: modeling of macromolecular structure 
and interactions, modeling of protein networks, systems biology, genomics, 
chemical biology, and computer-aided drug discovery. 


For the full position announcement and to apply online, go to: http: 
//employment.ku.edu and Search Faculty Job openings, key words 
“Bioinformatics/Computational Biology”. Submit a CV, letter of applica- 
tion, statement of past and future research, statement of teaching interests 
and philosophy, and a list of at least three references who may be contacted 
via telephone or e-mail. Initial review of applications begins November 1, 
2013 and will continue as long as needed to identify a qualified pool. Direct 
inquiries to Dr. Ilya Vakser (vakser@ku.edu). 


The University of Kansas is especially interested in hiring faculty members 
who can contribute to four key campus-wide strategic initiatives: (1) Sustain- 
ing the Planet, Powering the World; (2) Promoting Well-Being, Finding 
Cures; (3) Harnessing Information, Multiplying Knowledge; and (4) Building 
Communities, Expanding Opportunities. See www.provost.ku.edu/planning/ 
themes/ for more information. Equal Opportunity Employer M/F/D/V. 


IUPUI 


Biology Tenure Track Faculty 


The Department of Biology (biology.iupui.edu) at Indiana University - Purdue 
University Indianapolis (IUPUI) invites applications for two tenure-track 
faculty positions to begin August 1, 2014. Rank is open and competitive 
salary and start-up funds are available. A Ph.D. and postdoctoral experience 
are required. Applicants must demonstrate the ability to initiate and sustain 
an externally funded program of research, dedication to effective student 
mentoring and the ability to teach courses at the graduate and undergraduate 
levels. Candidates able to contribute to teaching in genetics, molecular 
biology, biochemistry and bioinformatics are particularly welcome. Research 
strengths in the department span a range of topics in cellular, molecular, 
developmental and regenerative biology. Applications from individuals whose 
research expertise encompasses computational/bioinformatics approaches are 
encouraged. Applicants at a senior level must have an established record of 
research excellence and external funding, and a demonstrated commitment to 
mentoring students. 


Applicants should submit one PDF file to BIOLIFAC@iupui.edu including 
a cover letter, curriculum vitae, and statement of research and teaching 
interests/experience. Candidates should also arrange to have three letters 
of recommendation sent to the same address. Evaluation of completed 
applications will begin November 1st, 2013 and continue until the position 
is filled. The IUPUI campus, located in downtown Indianapolis, has a 
student population in excess of 30,000 and attracts more than $300 million 
in annual research funding. The Department of Biology has a strong record 
of externally funded research and training of Ph.D. students. The department 
occupies well-equipped research laboratories and core facilities, which will 
be significantly expanded with the completion of a new research building 
this year. With an extensive hospital system and the IU School of Medicine, 
IUPUI is home to a large and vibrant community of researchers in all areas 
of biomedical science. 


IUPUI is an EEO/AA Employer, M/F/D. 


UNIVERSITY of CALIFORNIA + IRVINE 


Faculty Positions in Pharmaceutical Sciences 


Assistant Professor: The Department of Pharmaceutical Sciences invites 
applications for a tenure track faculty position in the field of pharmacoge- 
nomics. The appointment will likely be made at the Assistant Professor level, 
but tenured Associate or Full Professor appointments may be considered for 
exceptionally well qualified applicants with the appropriate experience. 


The successful candidate will be expected to establish a world-class research 
program in the area of pharmacogenomics, broadly defined. The candidate 
should also be committed to teach subjects related to pharmaceutical sciences 
at undergraduate and graduate levels. We anticipate hiring an individual who 
is looking for a collegial and interdisciplinary environment with numer- 
ous opportunities for establishing collaborations with research groups in 
the department, the School of Medicine, the UCI Comprehensive Cancer 
Center, and many other allied research programs at UCI. To apply go to 
https://recruit.ap.uci.edu/apply/JPF02101 


Lecturer, PSOE: The Department of Pharmaceutical Sciences invites appli- 
cations for a Lecturer position with potential for security of employment. 
This position parallels the tenure track research faculty series at the level 
equivalent to assistant professor, although applications at higher levels will 
be considered. The major focus in this position will be on developing and 
coordinating effective curricula and instructional activities in both lower 
and upper division undergraduate laboratory and lecture courses. We seek 
outstanding Ph.D.s with innovative ideas for instructional initiatives in 
molecular pharmacology, pharmaceutics, medicinal chemistry, toxicology, 
and/or any of the other disciplines in the pharmaceutical sciences. To apply 
go to https://recruit.ap.uci.edu/apply/JPF02100 


Review of applications for both positions will begin November 15, 2013. To 
ensure full consideration, applications and all supporting materials should be 
received by that date. The position will remain open until filled. 


The University of California is an Equal Opportunity/Affirmative Action 
Employer committed to excellence through diversity, and has an active 
ADVANCE program dedicated to gender and ethnic equity. 


UCDAVIS 


Assistant Professor in Crop Ecology/Agroecology 
Department of Plant Sciences 
University of California, Davis 


RESPONSIBILITIES: The successful candidate’s research will 
focus on crop production in agricultural systems. Possible research 
topics include improving resource use efficiency in diverse crop- 
ping systems, alternative approaches to attain sustainable produc- 
tion of annual and perennial crops, and utilizing ecologically-based 
approaches to reduce external inputs while maintaining crop yields. 
Interest in California agriculture is necessary and in international 
agriculture is desirable. Teaching responsibilities will involve a major 
role in the Sustainable Agriculture and Food Systems undergraduate 
major and include courses in sustainable agriculture systems, agro- 
ecosystem management, and crop ecology. Graduate courses will 
be part of the Horticulture and Agronomy and/or Ecology Graduate 
Groups. Advising and mentoring of undergraduate and graduate 
students is expected. The position is an academic year (9 month) 
tenure-track position. This Assistant Professor position will include 
an appointment in the Agricultural Experiment Station. Faculty 
members who hold an Agricultural Experiment Station appointment 
have a responsibility to conduct research and outreach relevant to 
the mission of the California Agricultural Experiment Station. It is 
anticipated that the candidate will collaborate with other scientists 
at UC Davis including staff and faculty affiliates of the Agricultural 
Sustainability Institute, Cooperative Extension specialists, farm 
advisors, and researchers from other universities and agencies to 
address the mission of the Department, College, and Agricultural 
Experiment Station. The successful candidate will be expected to 
participate in departmental, college, and campus committees, and 
with state, regional and national organizations, as appropriate. 


QUALIFICATIONS: Candidates must have a strong and well-docu- 
mented background in agroecology, crop ecology, agroecosystem 
management, agronomy, or related fields and a Ph.D. or equivalent 
degree in an appropriate discipline. Candidates must have the ability 
to conduct independent and cooperative research, and a willingness 
to address research areas relevant to the mission of the Agricultural 
Experiment Station. 


SALARY: Commensurate with qualifications and experience. 


TO APPLY: Candidates should begin the application process 
by registering online at http://recruitments.plantsciences.u 
cdavis.edu Please include statements of research and teach- 
ing interests, curriculum vitae, publication list, copies of 3 of 
your most important research publications, copies of under- 
graduate and graduate transcripts (if within 5 years of either 
degree), and the names, e-mail addresses, and tele- 
phone numbers of at least five professional references. 
For technical or administrative questions regarding the 
application process, please email mjgreenleaf@ucdavis.edu. 
Review of the applications will begin November 1, 2013. The 
position will remain open until filled. 


Dr. Arnold Bloom, Chair, Search Committee 
Department of Plant Sciences 
University of California 
One Shields Avenue 
Davis, CA 95616-8515 
Telephone: (530) 752-1743 / FAX: (530) 752-9659 
E-mail: ajbloom@ucdavis.edu 


The University of California, Davis, and the Department of Plant 
Sciences are interested in candidates who are committed to the 
highest standards of scholarship and professional activities, and 
to the development of a campus climate that supports equality and 
diversity. The University of California is an Affirmative Action/ 
Equal Opportunity Employer. 


THE UNIVERSITY OF HONG KONG 
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Founded in 1911, The University of Hong Kong is committed to 
the highest international standards of excellence in teaching and 
research, and has been at the international forefront of academic 
scholarship for many years. The University has a comprehensive 
range of study programmes and research disciplines spread 
across 10 facilities and about 110 sub-divisions of studies and 
learning. There are over 27,800 undergraduate and postgraduate 
students coming from 50 countries, and more than 2,000 members 
of academic and academic-related staff, many of whom are 
internationally renowned. 


Post-doctoral Fellowships 
and Research Assistant Professorships 


Applications are invited for a number of positions as Post-doctoral 
Fellow (PDF) and Research Assistant Professor (RAP), at the 
University of Hong Kong, on or before July 31, 2014. Appointments 
will be made for a period of 2 to 3 years. 


PDF and RAP posts are created specifically to bring new impetus 
and vigour to the University’s research enterprise. Positions are 
available from time to time to meet the strategic research needs 
identified by the University. Positions are available in the following 
Faculties/Departments/Schools/Centres: 


Faculty of Dentistry e Orthopaedics and 


Faculty of Education 

Civil Engineering 

Computer Science 

Electrical and Electronic 
Engineering 

Mechanical Engineering 

Law 

Biochemistry 

Clinical Oncology 

Centre for Cancer Research 

Research Centre of Heart, 
Brain, Hormone and 
Healthy Aging 

Centre for Genomic Sciences 

Research Centre of Infection 
and Immunology 


Traumatology 

Physiology 

Centre for Reproduction, 
Development and Growth 

Stem Cell and Regenerative 
Medicine Consortium 

School of Biological 
Sciences 

Chemistry 

Geography 

Social Work and Social 
Administration 

The State Key Laboratory 
of Emerging Infectious 
Diseases 

The State Key Laboratory 
for Liver Research 


Post-doctoral Fellows 

PDFs are expected to devote full-time to research. Applicants should 
be doctoral degree holders having undertaken original research that 
has contributed to the body of knowledge. A highly competitive 
salary commensurate with qualifications and experience will be 
offered. Annual leave and medical benefits will also be available. 


Research Assistant Professors 

The main focus of an RAP’s duty is research. RAPs can however be 
assigned some teaching duties, up to 50% of the normal teaching 
load. Applicants should be research active and have a proven 
publication record. A highly competitive salary commensurate with 
qualifications and experience will be offered, with a contract-end 
gratuity and University contribution to a retirement benefits scheme 
(totalling up to 15% of basic salary). Annual leave and medical 
benefits will also be offered. 


Procedures 

Prospective applicants are invited to visit our webpage at 
http://jobs.hku.hk to view the list of the Faculties/Departments/ 
Schools/Centres and their research areas for which PDF/RAP 
positions are currently available. Before preparing an application, 
they should contact the Head of the appropriate academic unit 
to ascertain that their research expertise matches the research 
area for which a vacant PDF/RAP post is available. 


Applicants must submit a completed University application form, 
which should clearly state which position they are applying for; 
and in which academic discipline. They should also provide further 
information such as details of their research experience, publications, 
research proposals, etc. 


Application forms (341/1111) can be obtained at 
http://www.hku.hk/apptunit/form-ext.doc. Further particulars can 
be obtained at http://jobs.hku.hk/. Closes October 28, 2013. The 


University thanks applicants for their interest, but advises that only 


shortlisted applicants will be notified of the application result. 
The University is an equal opportunity employer and is committed to a No-Smoking Policy 
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UNIVERSITY 
x UCIrv INE of CALIFORNIA 
Neuroscience Faculty Recruitment 
Anatomy and Neurobiology, University of California, Irvine 


The Department of Anatomy and Neurobiology, School of Medicine at the 
University of California Irvine seeks exceptional applicants for a tenure track 
appointment in neuroscience. The successful applicant is expected to develop 
a dynamic research group to study the function, plasticity or development of 
Neuronal Circuits. Candidates with interests in in vivo reversible manipulations 
of defined neuronal subpopulations, models of neurological or psychiatric dis- 
orders, and/or combined experimental and computational modeling approaches 
are especially encouraged to apply. A strong publication record and ability to 
develop and maintain an independently funded research program is essential. 
Although emphasis will be placed on recruiting an Assistant Professor, excel- 
lent candidates at the Associate or Full Professor levels will also be seriously 
considered. All applicants must hold a PhD, MD or an MD/PhD degree, have 
an outstanding record of published research, and a commitment to teaching in 
medical and graduate courses. 


The University of California Irvine has an exceptionally strong and broad pro- 
gram in the neurosciences and aims to enhance interactions between basic and 
clinical research, and to link the neurosciences with other scientific disciplines 
within the University. New faculty will be affiliated with the Department of 
Anatomy and Neurobiology in the School of Medicine and with the campus- 
wide Interdepartmental Program in Neurobiology. 


Applications should be submitted prior to December 1, 2013, through UC 
Irvine’s RECRUIT system located at https://recruit.ap.uci.edu/apply/ 
JPF02114. Applicants should complete the online application profile and 
upload the following application materials electronically to be considered for 
the position: 1. Cover letter, including a two-page summary of research interests; 
2. Curriculum vitae; 3. Names and email addresses of at least 3 individuals who 
can provide letters of reference. 


UCT is an Equal Opportunity Employer committed to excellence through 
diversity and strongly encourages applications from all qualified applicants, 
including women and minorities. UCI is responsive to the needs of dual career 
couples, is dedicated to work-life balance through an array of family-friendly 
policies, and is the recipient of an NSF ADVANCE Award for gender equity. 


The University of Texas at Dallas 
'D) School of Natural Sciences 


and Mathematics 


FACULTY POSITIONS IN THE DEPARTMENT OF 


MOLECULAR AND CELL BIOLOGY 

The Department of Molecular and Cell Biology in the School of Natural 
Sciences and Mathematics at The University of Texas at Dallas 
(http://www.utdallas.edu/biology/) invites applications for Faculty 
positions at any rank. Preference will be for investigators working in 
research areas that complement existing Departmental strengths in 
biochemistry, cancer biology, cell biology, computational and systems 
biology, microbiology, and neurobiology. The Department will participate 
in a new School-wide interdisciplinary initiative in basic energy sciences. 
Researchers addressing fundamental questions that complement our 
strengths and that relate to bioenergy are especially encouraged to apply. 
Applicants should show evidence of a vigorous and independent research 
program, and those at the Associate or Full Professor levels should also have 
a record of obtaining significant external funding. Applicants should have 
enthusiasm for teaching at both graduate and undergraduate levels. Review 
of applications will begin immediately and will continue until the positions 
are filled. Indication of sex and ethnicity for affirmative action statistical 
purposes is requested as part of the application but is not required. 
Application materials (curriculum vitae, short descriptions of research plans 
and teaching interests, and three letters of recommendation) should be 
submitted via the ONLINE APPLICATION available at 
http://go.utdallas.edu/pnc130907 


The University of Texas at Dallas is an Equal Opportunity/Affirmative Action 
Employer. All qualified applicants will receive consideration for employment without 
regard to race, color, religion, sex, national origin, disability, pregnancy, age, veteran 
status, genetic information or sexual orientation. 


Genomic Approaches to the 
Study of Gene Regulation 


Cornell is a community of scholars, known for intellectual rigor and 
engaged in deep and broad research, teaching tomorrow’s thought leaders 
to think, care for others, and create and disseminate knowledge with a 
public purpose. 

The Department of Molecular Biology and Genetics, Cornell University, 
invites applications for a tenure-track faculty position at the Assistant 
Professor level. The ideal candidate will apply both experimental and 
bioinformatics approaches to study gene regulation. Individuals seeking a 
creative integration of experimental, computational and comparative 
approaches will find Cornell a particularly rich environment in which to 
work (see http://mbg.cornell.edu/cals/mbg/mbg-search.cfm). An 
advanced degree (Ph.D., M.D., or equivalent) is required and postgraduate 
training is highly desirable. Candidates should submit to 
https://academicjobsonline.org/ajo/jobs/3254, a CV, a two to four page 
research statement, which indicates how your program could synergize 
with existing Cornell faculty, a one page teaching statement, and PDFs of 
two of your most significant papers. Application review begins on 
November 15, 2013. 


Find us online at http://hr.cornell.edu/jobs or 
Facebook.com/CorellCareers 

Cornell University is an innovative Ivy League university and a great place 
to work. Our inclusive community of scholars, students and staff impart an 
uncommon sense of larger purpose and contribute creative ideas to further 
the university's mission of teaching, discovery and engagement. Located in 
Ithaca, NY, Cornell's far-flung global presence includes the medical 
college's campuses on the Upper East Side of Manhattan and in Doha, 
Qatar, as well as the new CornellNYC Tech campus to be built on Roosevelt 
Island in the heart of New York City. 


Diversity and inclusion have been and continue to be a 
part of our heritage. Cornell University is a recognized 
EEO/AA employer and educator. 


| UNC 


LINEBERGER 


Faculty Positions in Basic Translational Sciences 


The UNC Lineberger Comprehensive Cancer Center, in 
collaboration with departments in the School of Medicine and 
across the entire University of North Carolina Chapel Hill, seeks 
outstanding candidates for faculty positions at all levels and at all 
ranks in basic and translational cancer research with a special 
interest in a senior cancer researcher. This broad-based 
recruitment seeks outstanding scientists in a number of areas, 
including but not limited to: animal models, signal transduction, 
cancer genetics, bioinformatics, virology, drug development and 
target validation, epigenetics and gene expression, DNA damage 
and repair, cancer therapy, cancer immunology, inflammation and 
cancer, and stem cells. Applicants should have a strong record of 
recent accomplishments as a post-doctoral fellow or sustained 
productivity as an established faculty member. Appointment and 
rank in an academic department will be determined by the 
applicant’s qualifications. 


Applications will be reviewed beginning December 1, 2013 and 
until the positions are filled. 


Educational Requirements: Doctoral Degree 
Qualifications and Experience: Doctoral Degree 


Apply online at http://unc.peopleadmin.com/postings/31918 and 
provide curriculum vitae, a list of four references, and Research 
Statement. 


The University of North Carolina at Chapel Hill is an Equal 
Opportunity Employer. Women and minorities are strongly 
encouraged to apply and self-identify on their application. 


CAREER Running 
TREN DS Your Lab 


Assistant Professor 
of Microbiology 


The Department of Microbiology invites applications from Ph.D.-level scientists for a tenure-track 
position at the level of ASSISTANT PROFESSOR. The Department’s 15 faculty members and affiliated 
units at the University have broad research strengths in microbiology, immunology, immunity and host 
defense, microbial pathogenesis, virology, microbial physiology, genetics, genomics, environmental 
microbiology, and fiotec nology. We are seeking outstanding candidates taking innovative, molecular 
and cellular approaches to the study of Medical Virology. This area is broadly defined and would 
include the study of viral, prokaryotic and or eukaryotic and prionic pathogens. The successful 
candidate will have had at least three years postdoctoral experience and will have published several 
articles in high impact peer-reviewed journals. He/she will be expected to establish a strong 
independent, extramurally funded research program and participate in the teaching of undergraduate 
and graduate courses. Research facilities that include new animal care and BSL III facilities, and 

: competitive salary and start-up funds will be provided. Opportunities exist to establish strong 
py today at collaborations with faculty in the Five College Area and at Bay State Medical Center. 


Applicants should send a curriculum vitae, a statement of research and teaching interests, reprints of 
recent publications, and at least three letters of recommendation to: Chair of Microbiology Search 
Committee R45589, Department of Microbiology, University of Massachusetts, N203 Morrill IV 
North, Amherst, MA 01003, microbio-dept@microbio.umass.edu. The search committee will begin 
reviewing applications on October 21, 2013, and will continue until the position is filled. Hiring is 
contingent upon the availability of funds. 


| pawnload your free co 


The University seeks to increase the diversity of its professoriate, workforce and undergraduate and 

graduate student populations because broad diversity is critical to achieving the University’s mission of 

excellence in education, research, educational access and service in an increasingly diverse globalized 

society. Therefore, in holistically assessing many qualifications of each applicant of any race or gender we 

From theljoumal’Scfence BVAAA! would factor favorably an individual’s record of conduct that includes students and colleagues with broadly 

diverse perspectives, experiences and backgrounds in educational, research or other work activities. Among 

Brought to you by the other et baat we would also factor favorably experience overcoming or helping others overcome 

AAAS/ Science Business Office barriers to an academic career or degree. The University of Massachusetts Amherst is an Affirmative Acton/ 

Equal Opportunity Employer. Women and members of minority groups are encouraged to apply. 


® © NATIONWIDE CHILDREN'S Ol nn t e@ 
When your child needs a hospital, everything matters” 
: ? _— e Janelia Farm 
FACULTY POSITIONS i n S Oo Research 
CENTER FOR VACCINES AND IMMUNITY Campus 


The CENTER FOR VACCINES AND IMMUNITY of The Research Institute e 

at Nationwide Children’s Hospital and The Ohio State University Department a ni e j re 
of Pediatrics is seeking PhD, MD or MD/PhD candidates for tenure-track 

positions at the Assistant, Associate or Professor level. Successful candidates : 
will have an established, independent research program on virus infections 

with a translational component related to human disease. Specific areas of Pai 

interest include viruses that affect the respiratory and GI tracts, hepatitis 


and cytomegalovirus infections. Candidates studying the innate or adaptive 
immune response to these infections or to polymicrobial respiratory tract 
infections are particularly encouraged to apply. Research on viral infections e él S 
in the Center for Vaccines and Immunity is supported by a close working 
relationship with the Infectious Diseases Division of Nationwide Children’s 
Hospital including access to large patient populations for translational studies 
and a special infectious diseases unit dedicated to facilitating patient identifi- An extraordinary 
cation and recruitment. The Center has a facility that produces primary well scientific opportunity 
differentiated human airway epithelial cultures. The Institute has an AAALAC 
accredited vivarium with expertise in animal infection, particularly rodent and Janelia Farm Research Campus, Highlights 
nonhuman primates, and provides state-of-the-art, subsidized core services a pioneering biomedical research + Access to unparalleled scientific 
for flow cytometry, bioinformatics, morphology, viral vector production, complex, is recruiting researchers and technical facilities 
genomics, ES cell, transgenic and small animal imaging. The OSU campus from diverse disciplines to explore + Internally funded, requiring 
provides many other cores and opportunities for collaboration. questions in basic neuroscience, no extramural grants 
imaging technology, andrelated + No formal teaching 
fields of research. responsibilities 
+ Minimal administrative duties 


Generous start-up support and joint appointments within OSU graduate 
departments and with clinical divisions at Nationwide Children’s Hospital 
are available. F or more information, please visit our website at http://www. Application deadline: 

nationwidechildrens.org/center-for-vaccines-and-immunity 2PM ET November 15, 2013 www. janelia.org/sci 
The Ohio State University is an Equal Opportunity, Affirmative Action 

Employer. Women, minorities, veterans, and individuals with disabilities 

are encouraged to apply. : 

Send curriculum vitae with contact information for three references to: Janelia farm ee 

2 - : research campus 

Mark.Peeples@nationwidechildrens.org y 


HHMI 


online @sciencecareers.org 
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POSITIONS OPEN 


TENURE TRACK FACULTY POSITION in 
Structural Biology 
The University of Kansas Medical Center 


The Department of Biochemistry and Molecular 
Biology at the University of Kansas Medical Center 
(website: http://www.kumc.edu/biochemistry) in- 
vites applications for a tenure-track faculty position at 
any rank, with a start date as early as January 1, 2014. 
We are interested in candidates who incorporate X-ray 
crystallographic approaches to understand structure- 
function relationships of macromolecules in the con- 
text of projects related to human health and disease. 
Applicants whose research program is relevant to can- 
cer biology, developmental biology, or membrane pro- 
teins are especially encouraged to apply. We house a 
newly remodeled X-ray facility that is equipped with 
Rigaku/MSC equipment, including an R-AXIS IV++ 
image plate detector with 2-theta stage; Osmic Blue Con- 
focal mirrors; RU-H3R rotating anode X-Ray gener- 
ator (Cu-Ka,); and an X-stream 2000 cryogenic system. 
The facility also includes a large, dedicated wet labora- 
tory and cold room exclusively for the crystallography 
laboratory. The crystallographer is expected to contrib- 
ute to the department’s mission of graduate and med- 
ical student education, and to maintain an independent, 
vigorous, research program. Interested individuals should 
submit a single PDF file to e-mail: xraybmb@kumc.edu 
containing the following: a cover letter describing their 
interest in this position, curriculum vitae, a two-page 
description of future research plans, and the names and 
e-mail addresses of three references. Review of Appli- 
cations will begin on October 15, 2013 and will con- 
tinue until the position is filled. 

The University of Kansas Medical Center is an Equal 
Opportunity /Affirmative Action Employer. 


TENURE-TRACK FACULTY POSITION 
University of Kansas Medical Center 


The Department of Biochemistry and Molecular Biol- 
ogy (website: http://www.kumc.edu/biochemistry/) 
invites applications from scientists working in the fields 
of molecular biology, biochemistry, developmental, 
or cancer biology. The level of appointment is open. Of 
special interest are applicants with expertise in metab- 
olism, particularly as it relates to cancer or development, 
although all outstanding applicants will be considered. 
The faculty member will be expected to establish and 
maintain an independent, externally funded research 


program and to participate in the teaching activities of 


the department, in particular the teaching of metab- 
olism. Current areas of research in this highly interactive 
medical center include molecular, cell, developmental 
and cancer biology, neuroscience, hepatic and renal bi- 
ology, and proteomics. Available departmental and insti- 
tutional facilities include genomics, transgenic mouse 
and ES cell gene targeting, confocal, EM and laser cap- 
ture microscopy, proteomics, and state-of-the-art animal 
care. Applicants should send curriculum vitae, a state- 
ment of research interests and long-range goals, and 
the names and e-mail addresses of three references to 
e-mail: metbmb@kumc.edu. Review of applications 
will be begin immediately and will continue until the 
position is filled. 

The University of Kansas Medical Center is an Equal 
Opportunity /Affirmative Action Employer. 


YALE UNIVERSITY 
Department of Chemistry 


The Department of Chemistry, Yale University, New 
Haven, Connecticut invites applications for multiple 
tenure-track positions at the ASSISTANT PROFES- 
SOR level to commence 1 July 2014. We seek creative 
teacher-scholars who show promise for developing 
outstanding research programs and we will consider 
applications in any area of chemistry. Applicants should 
send their curriculum vitae, a statement of research plans, 
and arrange for the submission of three letters of rec- 
ommendation. Please submit all material to Academic 
Jobs Online at website: https: //academicjobsonline. 
org/ajo/Yale position #3156. A review of applica- 
tions will begin October 1, 2013. 

Yale University is an Equal "Opportunity ‘Affirmative Action 
Pets and applications from women and underrepresented mi- 
nority group members are especially encouraged. 
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POSITIONS OPEN 


THE UNIVERSITY OF TEXAS AT TYLER 
Department of Biology 


The Department of Biology at The University of 
Texas at Tyler invites applications for three tenure- 
track ASSISTANT PROFESSOR positions. Doctor- 
ate and postdoctoral experience required for all three 
positions. 

i. Developmental Biology. Applicants with exper- 
tise using model systems to study epigenetics, stem 
cell biology, evolutionary developmental biology, or 
sub-cellular developmental processes are encouraged 
to apply. 

ii. Computational Biology. Applicants with strong 
computational skills and expertise in bioinformatics, 
transcriptomics, pharmacogenomics, metagenomics, 
or systems biology are encouraged to apply. 

iii. Microbiology. Applicants specializing in genomic 
approaches to microbe-microbe, microbe-environment, 
or microbe-host interactions are encouraged to apply. 

Curriculum vitae, statements of research interests and 
teaching philosophy, and reprints of three publications 
should be sent as one PDF to Dr. Blake Bextine at 
e-mail: bbextine@uttyler.edu (developmental biolo- 
gy), Dr. Lance Williams at e-mail: lwilliams@uttyler. 
edu (computational biology), and Dr. Jim Koukl at 
e-mail: jkoukl@uttyler.edu (microbiology). Three let- 
ters of reference should be sent to the same addresses. 
Screening will begin immediately and continue until a 
suitable candidate is identified. Applicants subject to 
background check. Equal Opportunity Enployer/Affirmative 
Action Employer. Full description at website: http:// 
www.uttyler.edu/biology. 


TENURE-TRACK FACULTY POSITION 
Microbiology 


The Department of Biology at California State Uni- 
versity San Bernardino invites applications for a tenure- 
track position at the rank of ASSISTANT PROFESSOR. 
in the area of microbiology. The successful applicant 
will develop an independent research program and is 
expected to excel in teaching courses related to micro- 
biology, medical microbiology, microbial ecology, or 
immunology at the undergraduate and M.S. levels. Can- 
didates must have a record of published research and 
show potential for developing and sustaining independent, 
externally funded research involving both undergrad- 
uate and M.S. students. Candidates must have a Ph.D., 
preferably in the biological sciences; postdoctoral ex- 
perience is desirable. Application deadline is 1 November 
2013, but applications will be accepted until the position 
is filled. Submit curriculum vitae, statement of research 
accomplishments and goals, statement of teaching philos- 
ophy, and three letters of reference to: Dr. David Polcyn, 
Chair, Department of Biology, Attn: Microbiology Fac- 
ulty Search, California State University San Bernardino, 
5500 University Parkway, San Bernardino, CA 92407; 
telephone: 909-537-5305. 


ASSISTANT PROFESSOR in 
Inorganic Chemistry 


Georgetown University wishes to recruit a tenure- 
track Assistant Professor in Inorganic Chemistry to 
begin fall 2014. Research areas in inorganic chemistry 
as broadly defined will be considered that complement 
those of existing faculty in the Department. Research 
interests related to clean energy, the environment, and 
sustainability are especially welcome. Candidates must 
have a Ph.D. degree in chemistry or a closely related 
field and postdoctoral training or equivalent is desir- 
able. Development of an internationally recognized, ex- 
ternally funded research program and teaching at the 
undergraduate and graduate levels, are expected. Please 
send curriculum vitae, description of research plans, 
and statement of teaching philosophy as one docu- 
ment in PDF format, and arrange for three letters of 
recommendation to be sent to e-mail: chemsearch@ 
georgetown.edu. For full consideration, complete 
applications should arrive before October 31, 2013. 
Georgetown University is an Equal Opportunity /Affirmative Ac- 
tion Employer fully dedicated to achieving a diverse faculty and 
staff; applications from qualified women and minority candidates 
are encouraged. 


POSITIONS OPEN 


OPEN POSITION: LECTURER with 
Potential for Security of Employment 
University of California, Irvine 
Ecology and Evolutionary Biology 

The University of California, Irvine (UCI) Depart- 
ment of Ecology and Evolutionary Biology invites 
applications for a tenure-track faculty position as a 
Lecturer with Potential for Security of Employment. 
This individual will be responsible for developing 
and teaching courses in ecology and sustainability 
studies, including those in the Interdisciplinary Minor 
in Global Sustainability, and for helping to create a 
new Professional Master’s Program in Conservation 
and Restoration Science. We seek outstanding candi- 
dates with a Ph.D. in biology or a related scientific dis- 
cipline and demonstrated excellence in teaching, course 
development, and scientific writing. The successful ap- 
plicant will preferably have training or experience in 
an ecology-related field, such as ecological restoration, 
conservation biology, sustainability science, or global 
change biology. 

Applicants should submit the following via website: 
http: //recruit.ap.uci.edu/ curriculum vitae, a state- 
ment of teaching interests, and three letters of ref- 
erence. Review of applications will begin on November 
1, 2013, and the position will remain open until filled. 
Applications due by: November 1, 2013. 

The University of California, Irvine is an Equal Opportunity 
Employer committed to excellence through diversity and strongly 
encourages applications from all qualified applicants, including 
women and minorities. UCI is responsive to the needs of dual 
career couples, is dedicated to work-life balance through an ar- 
ray of family-friendly policies, and is the recipient of an NSF 
ADVANCE Award for gender equity. 


ASSISTANT PROFESSOR OF GENOMICS 


Genomics Faculty Position. The Department of Bi- 
ology at Clark University, Worcester, Massachusetts 
(website: http://www.clarku. edu/ departments/ 
biology/) invites applications for a tenure-track ap- 
pointment at the rank of Assistant Professor to begin 
fall 2014. The successful candidate is expected to de- 
velop an externally funded research program in any 
field of genomics, involving Ph.D., M.S., and under- 
graduate students, and is likely to teach genetics and 
courses in their area of expertise. For full consideration, 
one electronic file with curriculum vitae, research and 
teaching statements, and three key publications should 
be received prior to November 1, 2013, as should three 
letters of reference (e-mail: genomics@clarku.edu). 
See (website: http://www.clarku.edu/offices/hr) 
for full position description. Inquiries can be directed 
to Susan Foster (e-mail: sfoster@clarku.edu). Clark 
University is committed to sustaining a diverse and inclusive com- 
munity that cultivates ethical and well-informed citizens. We especially 
welcome candidates who can contribute to this mission through 
research, teaching, and/or service. Affirmative Action/Equal Oppor- 
tunity Employer. Minorities and women are strongly encouraged 
to apply. 


FACULTY POSITIONS in 
Power Systems and Complex Systems 
College of Engineering & Mathematical Sciences 
The University of Vermont 


The College of Engineering and Mathematical Sci- 
ences invites applications for two tenure-track faculty 
positions in support of our NSF-funded Smart Grid 
IGERT program. The first position is in Power Sys- 
tems, or related areas such as power electronics or 
control systems. The second position is in Complex 
Systems, with a focus on research problems in the be- 
havioral, social, or economic sciences. Requirements 
include an earned doctorate in engineering, computer 
science, mathematics, or a related discipline, a proven 
record of scholarly activities, and the qualifications to 
teach both undergraduate and graduate courses in one 
of the College’s degree programs. The full job descrip- 
tion and application guidelines can be found at website: 
http://www.cems.uvm.edu/facsearch/igert.php. The 
first review of applications will occur on December 1, 
2013. University of Vermont is an Equal Opportunity /Equal 
Access/Affirmative Action Employer and conducts background 
checks on all final candidates. 
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INSTITUTE OF MEDICINE 


OF THE NATIONAL ACADEMIES 


Executive Officer 


The Institute of Medicine of the National Academies (IOM) seeks an 
Executive Officer. This is an exceptional opportunity for a dynamic and 
creative leader with strong managerial skills who is well versed in health 
policy, has experience with federal health programs, and seeks to make a 
positive impact on the public’s health. 


The mission of IOM is to serve as adviser to the nation to improve health. 
Working outside the framework of government, the IOM provides sci- 
entific, evidence-based information and advice to policy makers, profes- 
sionals, the private sector, and the public. 


The successful candidate will work closely with the IOM President and 
will provide intellectual, operational and financial leadership for IOM’s 
programs and staff in accordance with the policy guidance of the IOM 
President. 


This position requires an MD, a PhD in a related field, or equivalent 
knowledge relevant to this position, and 10 years of related professional 
experience, including 5 years in a supervisory capacity. 


For more information about this challenging career opportunity and to 
apply, please visit our website at http://national-academies.org - click on 
Careers - select Current Opportunities - and search openings by Depart- 
ment — Institute of Medicine. 


Established in 1970 under the charter of the National Academy of Sci- 
ences, the Institute of Medicine provides independent, objective, evidence- 
based advice to policymakers, health professionals, the private sector, 
and the public. The National Academy of Sciences, National Academy 
of Engineering, Institute of Medicine, and National Research Council 
make up the National Academies. Headquartered in Washington, DC. 
EQOE/M/F/D/V. 


national-academies. org 


FACULTY POSITION IN 
COMPUTATIONAL BIOLOGY AND DATA 
SCIENCE AT THE BOSTON COLLEGE 
BIOLOGY DEPARTMENT 


The Boston College Biology Department seeks outstanding candidates for a 
tenure-track faculty position in the area of Computational Biology and Data 
Science. Applicants are sought at the Assistant Professor level; however, 
exceptionally strong candidates will be considered at the Associate Professor 
level. The university provides competitive start-up funds and research space 
with the expectation that the successful candidate will establish, or bring to 
the university, a vigorous, funded research program. The successful candidate 
will join an active computational biology team including four faculty members, 
numerous postdocs and doctoral students, professional staff, and substantial 
computational hardware resources. Current strengths in our computational 
group are in sequencing software development, genomic variation analysis, 
microbial systems biology, and in RNA structure and function. 


The aim of this search is to recruit a computational scientist whose research 
is directed at biomedical “big data” analysis tool development e.g. algorithms 
for mining, accessing, integrating, and/or visualizing DNA sequencing, pro- 
teomic, image, or other large-scale biomedical data, with application areas in 
basic biological or medical research. Candidates working in areas with clear 
relevance to human health (e.g. human disease genetics, cancer or pathogen 
research), and those who combine wet-lab experimentation with computational 
algorithm development, will be given priority. Special consideration will be 
given to candidates whose research program synergizes with current faculty 
interests in Infection/Immunity and in Developmental/Cellular Biology (see 
http://www.be.edu/biology for profiles of the Biology Department’s current 
research programs). 


Applicants should submit a curriculum vitae, a statement of research and 
teaching plans, and arrange for three letters of reference. All application 
materials should be submitted via Interfolio at http://interfolio.com/23020. 
Review of applications will begin on October 1, 2013, and continue until the 
position is filled. 


Boston College is an Affirmative Action, Equal Opportunity Employer. 
Women and minority candidates are especially encouraged to apply. 
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AAAS is here —- 


helping scientists achieve career success. 


Every month, over 400,000 students and scientists 
visit ScienceCareers.org in search of the information, 
advice, and opportunities they need to take the 


next step in their careers. 


A complete career resource, free to the public, 
Science Careers offers a suite of tools and services 
developed specifically for scientists. With hundreds 
of career development articles, webinars and 
downloadable booklets filled with practical advice, 
a community forum providing answers to career 
questions, and thousands of job listings in 
academia, government, and industry, Science 
Careers has helped countless individuals prepare 
themselves for successful careers. 


As a AAAS member, your dues help AAAS make this 
service freely available to the scientific community. 
If you’re not a member, join us. Together we can 


make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 
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online @sciencecareers.org 
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POSITIONS OPEN 


TENURE TRACK FACULTY POSITIONS in 
The Field of “Gene Expression and Signaling” 
Department of Biochemistry and Molecular Biology 


The Department of Biochemistry and Molecular Bi- 
ology (website: http://www.bmb.msu.edu) at Michigan 
State University (MSU) seeks to recruit two outstand- 
ing tenure system ASSISTANT/ASSOCIATE PRO- 
FESSORS. The individuals will employ innovative 
and multidisciplinary approaches to address central ques- 
tions in gene expression and signaling in development 
and disease. Successful candidates will contribute to the 
highly collaborative research environment on campus. 
The position is intended to integrate with existing research 
in one or more of the following groups: Gene Expres- 
sion in Development and Disease, Molecular Metabolism 
and Disease, Mitochondrial Science and Medicine, and 
Bio/computational Evolution in Action Consortium; 
and/or with ongoing cancer and neuroscience research. 

Review of application materials will begin on No- 
vember 11, 2013, and continue until suitable candidates 
are identified. Applicants should upload a single PDF 
file with cover letter, curriculum vitae, up to three pages 
of research interests and future directions, and a one-page 
statement of teaching philosophy to website: https:// 
jobs.msu.edu (position #6878). Three to five letters of 
reference should be sent to e-mail: gesfacultysearch@ 
cns.msu.edu. Questions about the position can be ad- 
dressed to the Chair of the Search Committee, Min-Hao 
Kuo at (e-mail: gesfacultysearch@cns.msu.edu). 

MSU is an Affirmative Action/Equal Opportunity Employer 
and is committed to achieving excellence through a diverse workforce 
and inclusive culture that encourages all people to reach their full 
potential. The University actively encourages applications and/or 
nominations of women, persons of color, veterans, and persons with 
disabilities. MSU is committed to providing a work environment that 
supports employees’ work and personal life, and offers employment 
assistance to the spouse or partner of candidates for faculty and 
academic staff positions. 


MARINE AND COASTAL SCIENCES 


The Department of Ecology and Evolutionary Bi- 
ology at Tulane University seeks a full-time, non-tenure- 
track PROFESSOR OF THE PRACTICE (PoP) 
beginning fall 2014. The PoP will administer marine 
biology minors and teach introductory marine biol- 
ogy and other courses in marine and coastal sciences. 
An earned doctorate in biological sciences or other 
appropriate field is required. We seek an exceptional 
individual with a commitment to excellence in under- 
graduate education. PoPs are appointed for initial three- 
year, renewable terms. More information about the 
position can be found at website: http://tulane.edu/ 
sse/eebio/about/pop.cfm. To apply, submit curric- 
ulum vitae, statement of teaching philosophy and pro- 
posed classes, description of scholarly and teaching 
interests and experience, and the names and addresses 
of three references electronically to e-mail: ecolevol@ 
tulane.edu. Review of applications will begin No- 
vember 15, 2013, and the position will remain open 
until filled. Tulane University is an Affirmative Action/Equal 
Employment Opportunity/ADA Employer committed to excellence 
through diversity. All eligible candidates are encouraged to apply. This 
position is subject to final budgetary approval. 


TENURE-TRACK FACULTY POSITIONS in 
Bioarchaeology and Scientific Ecological 
Anthropology 


The University of California, Santa Barbara (UCSB), 
Department of Anthropology, seeks a Bioarchaeolo- 
gist, and a Scientific Ecological Anthropologist for 
tenure-track positions at the ASSISTANT PRO- 
FESSOR level. Submit application and materials by 
November 15, 2013 for the first position, and by 
the same date for primary consideration for the sec- 
ond position. For more details and to apply go to 
website: https: //recruit.ap.ucsb.edu. UCSB is an Equal 
Opportunity /Affirmative Action Employer. 
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